
2 Government Acceuion No 


3 Recipient'! Catelog No 


1. Report No 

NASA CR- 134907 


15 Supplemenlery Nolei 

Technical MonltorBi Solomon Weiss, Roberc D. Slewert, and Ray Haga 
Aerospace Safety Research and Data Institute 
NASA Irowis Research Center 

16 Ahstrect 

Described in this report is a user-oriented computer program CIVM-JET 4B to predict the 
largu-def lection elastic-plastic structural responses of fragment Impacted single-layer: (a) 

partial-ring fragment containment or deflector structure or (b) complete-ring fragment containment 
structure. These two types of structures may be cither free or supported in various ways. 

Supports accommodated includes (1) point supports such as plnned-f ixed, ideally-clamped, or 
supported by a structural branch simulating mounting-bracket structure and (2) elastic foundation 
support distributed over selected regions of the structure. The initial geometry of each partial 
or complete ring may be circular or arbitrarily curved: unifonn or variable thicknesses of the 
structure are accommodated. The structural material is assumed to be initially isotropic; strain 
hardening and strain rate effects are taken into account. 

An approximate analysis utilizing kinetic energy and momentum conservation relations is 
used to predict the after-impact velocities of each fragment and of the impact-affected region of 
the ring: this procedure is termed the collision-imparted velocity method (CIVM) . This imparted- 
velocity Information is used in conjunction with a finite-clement structural response computation 
code to predict the transient, large-deflection, elastic-plastic responses of the impacted 
structure whose deflections arc assumed to be in essentially one plane and, hence, these 
structures are called two-dimensional (2-d). In this process the equations of motion of both the 
impacted structure and the fragment are solved in small steps in time. 

Provisions are made in the CIVM-JET 4B code to analyze the responses of 2-d structures 
which are subjected to Imract by from 1 to 6 fragments each with its own size, mass, mass moment 
of inertia, translational velocity, and rotational velocity. The effects of friction between 
each fragment and the impacted structure are included. 


17 Key Words (Suggested by Authorlsll 
Turbojet Rotor Containment 
Aircraft Hazards 
Aircraft Safety 
Structural Mechanics 
Finite Element Method 
Transient Structural Response 


19 Security Od$$)f lo1 this report} 

20 Security Classif (of this page) 

21 No of Pages 

22 Price* 

Unclassified 

Unclassified 

295 



■ Foi sale by the National Technical Information Service, Springfield, Virginia 22151 

OKItllNAL PAGE IS 
NAs,\.c-i..stR.v f.--n OF POOR QUALIT35 




4 Title and Subtitle 

User's Guido to Computer Program CIVM-JET 4B to Calculate the 
Transient Structural Responses of Partial and/or Complete 
Structural Rings to Engine-Rotor -Fragment Impact 


7 Auihor(i) Thomas R. Stagliano 
Robert L. Spilker 
Emmutt A. Witmer 


9 Perlorming Organiiation Name and Addteii 

Aoroolastlc and Structures Research Laboratory 
Department of Aeronautics and Astronautics 
Massachusetts Institute of Tech:iology 
Cambridge, M.issachusetts 02139 


12 Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, D.C. 20546 


6, Report Date 

March 1976 

6, Performing Organiration Code 

8 Perlonnlng Organuition Report No 
ASRL TR 154-9 
10 Work Unit No 

11, Contract or Grant No 
NCR 22-009-339 

13 Type of Report and Period Covered 

Contractor Report 

14 Sponsoring Agency Code 
















NASA CR- 134907 
ASRL TR 154-9 


USER'S GUIDE TO COMPUTER PROGRAM CIVM-JET 4B 
TO CALCULATE THE TRANSIENT STRUCTURAL RESPONSES 
OP PARTIAL AND/OR COMPLETE STRUCTURAL RINGS 
TO ENGINE- ROTOR-FRAGMENT IMPACT 


Thomas R. Stagliano 
Robert L. Spilker 
Emmett A. Wltmer 


Aeroelastic and Structures Research Laboratory 
Department of Aeronautics and Astronautics 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139 


March 1976 


Prepared for 


AEROSPACE SAFETY RESEARCH AND DATA INSTITUTE 
LEWIS RESEARCH CENTER 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
CLEVELAND, OHIO 44135 


NASA Grant NGR 22-009-339 



FOREWORD 



This report has been prepared by the Aeroelastic and Structures Research 
Laboratory (ASRL) , Department of Aeronautics and Astronautics, Massachusetts 
Institute of Technology, Cambridge, Massachusetts under Grant No. NGR 22-009-339 
from the Lewis Research Center, National Aeronautics and Space Administration, 
Cleveland, Ohio 44135. Mr. Solomon Weiss, Mr. Robert D. Siewert, and Mr. Ray 
Maqa of the Lewis Research Center served as technical monitors. 

The cooperation and helpful suggestions of Mr. Weiss, Mr. Siewert, and 
Mr. Maga throughout this research program are much appreciated. 

The authors wish to acknowledge appreciatively the help and advice of 
a former colleague Dr. Richard W-H Wu now with the Nuclear Energy Division 
of the General Electric Co. Dr. Wu developed the JET 3 series of computer 
codes and the preliminary version of the present program. 

The use of SI units (NASA Policy Directive NPD 2220.4, September 14, 1970) 
was waived for the present document in accordance with provisions of paragraph 
5d of that Directive by the authority of the Director of the Lewis Research 
Center. 


ii 



TABLE OF CONTENTS 


Section Page 

1 INTRODUCTION 1 

2 GENERAL DESCRIPTION OF THE CIVM-JET 4B PROGRAM 3 

2.1 Ring Geometryt Supports, Elastic Restraints, and 

Material Properties 3 

2.2 Fragment/Ring Collision-Interaction Analysis 5 

2.3 Solution Procedure 9 

3 DESCRIPTION OF PROGRAM AND SUBPROGRAMS 12 

3.1 Program Contents 12 

3.2 Partial List of Variable Names IS 

4 USE OF THE CIVM-JET 4B PROGRAM 16 

4.1 Input Information and Procedure 16 

4.2 Input for Special Cases of the General Stress-Strain 

Relations - 34 

4.3 Description of the Output 35 

4.4 Guides and Restrictions for Code Usage 41 

4.4.1 General Instructions 41 

4.4.2 Use of Branches Vs. Use of Discontinuities 42 

4.4.3 Impact at or Near a Constrained Node 44 

4.4.4 Comments on Strain Calculation and Mesh Sizing 57 

5 COMPLETE FORTRAN IV LISTING OF THE CIVM-JET 4B PROGRAM 60 

6 ILLUSTRATIVE EXAMPLES 171 

6.1 A Variable-Thickness Partial Ring — Includes Branches, 

Slope Discontinuities, and an Elastic Foundation 171 

6.1.1 Problem Description 171 

6.1.2 Input Data 173 

6.1.3 Solution Output Data 181 



Section 


6.2 A Uniform-Thickness, Unsupported Complete Circular Ring 

Subjected to a T58 Tri-Hub Rotor Burst 194 

6.2.1 Problem Description 194 

6.2.2 Input Data 195 

6.2.3 Solution Output Data 201 

REFERENCES 220 

FIGURES * 221 

APPENDIX A: GOVERNING EQUATIONS ON WHICH THE PROGRAM IS BASED 237 


iv 



LIST OF ILLUSTRATIONS 


Figure Page 

1 Illustration of a Variable-Thickness, Arbitrarily-Curved 

Beam 221 

2 Example Geometrical Shapes of Structural Rings Analyzed by 

the CIVM-JET 4B Program 222 

3- Nomenclature for Geometry, Coordinates, and Displacements 

of a Curved-Beam Finite Element 224 

4 Schematics for the Support Conditions of the Structure 225 

5 Schematics of Actual and Idealized Fragments 228 

6 Idealization of Ring Contour for Collision Analysis 229 

7 Information Flow Schematic for Predicting Ring and Fragment 

Motions in the Collision-Imparted Velocity Method 230 

8 Definition of Slope-Discontinuity Angles for an Illustrative 

Fragment and C/D Structure 231 

9 Problem Data, Geometry, NomenclatureT— and- Finite-Element 

Modeling for Example 6.1 233 

10 Problem Data, Geometry, Nomenclature, and Finite-Element 

Modeling for Example 6.2 236 


V 



SUMMARY 



Described in this report is a user-oriented-computer program CIVM-JET 4B 
to predict the large-deflection elastic-plastic structural responses of frag- 
ment-impacted single-layer: (a) partial-ring fragment containment or deflector 

structure or (b) complete-ring fragment containment structure. These two types 
of structures may be either free or supported in various ways. Supports 
accommodated include: (1) point supports such as pinned-fixed, ideally-clamped, 

or supported by a structural branch simulating mounting-bracket structure and 
(2) elastic foundation support distributed over selected regions of the struc- 
ture. The initial geometry of each partial or complete ring may be circular 
or arbitrarily curved; uniform or variable thicknesses of the structure are 
accommodated. The structural material in assumed to be initially isotropic; 
strain hardening and strain rate effects are taken into account. 

An approximate analysis utilizing kinetic energy and momentum conserva- 
tion relations is used to predict the after-impact velocities of each fragment 
and of the impact-affected region of the ring; this procedure is termed the 
collision-imparted velocity method (CIVM) . This imparted-velocity information 
is used in conjunction with a finite-element structural response computation 
code to predict the transient, large-deflection, elastic-plastic responses of 
the inpacted structure whose deflections are assumed to be in essentially one 
plane and, hence, these structures are called two-dimensional (2-d) . In this 
process the equations of motion of both the inspected structure and the fragment 
are solved in small steps in time. 

Provisions are made in the CIVM-JET 4B code to analyze the responses 
of 2-d structures which are subjected to impact by from 1 to 6 fragments each 
with its own size, mass, mass moment of inertia,— translational velocity, and 
rotational velocity. The effects of friction between each fragment and the 
impacted structure are included. 
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SECTION 1 


INTRODUCTION 


The CIVM-JET 4B computer program is an addition to the series of 
computer programs which are intended to be made available to the aircraft 
industry for possible use in analyzing structural response problems such a-s 
containment/deflection rings intended to cope with engine rotor-burst fragments. 
This computer program may also be applicable to crashworthiness problems which 
are of interest to the automobile and nuclear power plant industries. 

The computer program written in FORTRAN IV, permits one to pre<-;ict the 
large, two-dimensional, elastic-plastic transient Kirchhoff-type response of a 
single-layer structural ring, which may be a complete ring or just a partial 
ring. The ring may be subjected to various restraints and supports* and to 
rigid- fragment impact. The geometrical shape of the structural ring can be 
simple circular or arbitrarily curved, and the ring may have independently- 
vaTrying thickness along the circumferential direction. The material behavior 
may be elastic strain-hardening, and/or strain-rate sensitive. 

The program employs the spatial finite-element representation of the 
ring and the temporal finite-difference solution procedure. For predicting 
the transient responses of the structural ring to rigid-fragment Impact, energy 
and momentum considerations are employed in an approximate analysis to predict 
the collision-induced velocities which are imparted to the fragment and to the 
affected ring segments. The presence of fragment/ring surface friction is 
taken into account. The pertinent analytical development and the solution 
method upon which the program is based are presented concisely in Appendix A. 

The reader is invited to consult Refs. 1, 2, and 3 for background information 
and a detailed description of this solution procedure. 

Section 2 of this report is devoted to describing the general organiza- 
tion and capabilities of CI'/M-JET 4B, including (1) the ring structural geometry, 
supports, elastic restraints, and material properties accommodated, (2) circular 


* 

This includes ’’ring support brackets” 


which are treated as "branches”. 
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rigid- fragment collision interaction, and (3) the solution procedure. Next, 
in Section 3, the main program and subprograms of CIVM-JET 4B are described, 
including a partial list and explanation of the variable names used in the 
program. The input data and output information are presented in Section 4. 

A complete FORTRAN IV- listing of the program is given in Section 5. Example 
problems, including input data and the resulting solution data are given in 
Section 6. Finally, Appendix A summarizes the equations on which the program 
is based. 
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SECTION 2 


GENERAL DESCRIPTION OF THE CIVM-JET 4B PROGRAM 


2.1 Ring Geometry, Supports, Elastic Restraints, and Material Properties 

In the pre.sent analysis, the transient structural responses of the ring 
are assumed to consist of planar (two-dimensional) deformations. Also, the 
Bernoulli-Euler (or Kirchhoff) hypothesis is employed; that is, transverse 
shear deformation is excluded. 

The computer program can treat single layer structural rings. The layer 
may be of independently-varying thickness; however, the total thickness remains 
small compared with the circumferential dimension of the ring. The cross sec- 
tion of the layer is assumed to be rectangular in shape, and the centroidal 
axis is employed as the circumferential reference axis of the ring (Fig. 1). 

The structure can be either a complete ring or a partial ring with or 
without slope discontinuities. The geometric shape of the circumferential 
axis of the ring can be circular or arbitrarily curved. The outward-normal 
direction is defined in such a manner that as one moves along the circumferen- 
tial axis in the positive f) direction from an arbitrary reference point, the 
outward- normal direction is always toward one's left as shown in Fig. 2, where 
XYZ is the global reference Cartesian coordinate system with the X-axis point- 
ing out of the paper. At any point on the circumferential axis, i is a local 
unit vector defined in the same direction as the +X axis, a is ^ unit tangent 
vector along the positive circumferential axis direction, and n is a unit 
outward-normal vector which is defined by the right-hand rule as n - i x a. 

Once the positive circumferential direction is defined, the outward-normal 
direction is then determined accordingly (see Fig. 2) . For any given C/D 
structure, the positive circumferential direction must be chosen so that the 
positive outward-normal is directed toward the "outside" of the C/D structure 
such that fragment impact can occur only on the "inside" of the C/D structure. 

In the spatial finite-element analysis, the ring is represented by an 
assemblage of discrete (or finite) elements compatibly joined at the nodal 
stations. The geometry and nomenclature of a typical arbitrarily curved ring 
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element are shown in Fig. 3, where the deformation plane is n.C aid the coordi- 
nates n along and ^ normal to the centroidal axis of the beam are employed as 
the reference coordinates of the beam e)ement. The nodal number is increased 
along the positive circumferential direction. 

The behavior of each finite-element is characterized by a knowledge of 
the four generalized displacements: v, w, i|) = (3w/9n) - (v/R) , and y = (3v/3n) 

+ (w/R) at each of its nodal stations where v and w are the reference plane 
displacements in the tangential and normal direction, respectively; R is the 
radius of curvature. The displacement behavior within each finite-element is 
represented by a cubic polynomial in o for the circumferential displacement v 
and a cubic polynomial in n for the normal displacement w, anchored to the four 
generalized nodal displacements at each node (see Appendix A and/or Ref. 1 for 
further details). For application to arbitrarily curved, variable thickness, 
ring structures, the finite elements are described by reading in at each nodal 
stition (and eacn element end, for slope discontinuity) the global Y and Z 
coor ’mates, the slope (the angle between the tangent vector and the +Y axis), 
■i.id the thickness. Within each finite element, the slope is approximated by a 
quadratic function in n and the thickness of each element is approximated as 
being piecewise linear between nodes. 

As for the support conditions of the structure, the program includes two 
types of prescribed nodal displacement conditions (see Fig. 4a) ; 

(1) Ideally-Clamped (v = w = = 0) 

(2) Smoothly-Hinged (v = w = 0) 

and two types of elastic restraints (see Fig. 4b) : 

(a) Point elastically restrained (elastic restoring spring) at given 

locations (3 directions: normal, tangential, and torsional) 

(b) Distributed elastically restrained (elastic foundation) over a 

given number of elements (3 directions: normal, tangential, and 

torsional) . 

A global effective stiffness matrix supplied by the elastic foundation and/or 
the restoring springs will be evaluated in the program from the virtual-work 
statement, for the case in which the structure is subjected to one or both of 
these two types of elastic restraints. 
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The 2-d containment/def lector (C/D'i structure may also be regarded as 
being supported by attachment brackets as depicted, for example, in Fig. 

These attachment brackets (cr branches) are idealized to behave in the 2-d 
fashjon shown in Fig. 4d. These brackets are modeled as consisting of a single- 
layer, variable-thickness, 2-d structure of arbitrary initial shape in the 
plane of the C/D structure, and are connected compatibly with the C/D struc- 
ture; the other end of each bracket may be supported in any of the common 
fashions (clamped, pinned, elastic support, etc.). Tne program provides for 
a maximum of five support brackets. In the fragment attack, usually only the 
C/D structure suffers physical impact; however, if the analyst has a physically 
plausible situation wherein the idealized support bracket could be impactei' 
by a fragment (such a case is depicted in Fig. 4d) , the impacted portion must 
be defined as the main C/D structure since impacts on a branch are not accommo- 
dated in this program. It should be noted, however, that the actual brackets 
in the bracket-supported C/D structure (see Fig. 4c) must undergo 3-d deforma- 
tion — this aspect is not accommodated in the present 2-d model. Fir illy, 
a support bracket (or branch) may be attached to any nodal station of the main 
2-d C/n structure. 

The mam structure and branches can be of different elastic, or elastic, 
perfectly-plastic or elastic-strain-hardening“behavior . The strain-rate 
effects of the material can also be taken into account. In the present anai^a,.s, 
the strain-hardening material is accounted for by using the "mfechanica’ sub- 
layer model" (Ref. 1). A useful feature of this model is the inclusion of 
kinematic hardening and the Bauschinger effect. The strain-rate effect is 
approximated by assuming that the uniaxial stress-strain curve is affected by 
strain-rate only by a quasi-steady increase in the yield stress above the 
"static" value (Ref. 1) 

2.2 Fragment/Rinq Collision-Interaction Analysis 

For analyzing the collision induced transient responses of two-dimensional 
containment and/or deflector rings and fragment motions, the fragment is ideal- 
ized as a non-deformable fragment of circular configuration (Fig. 5) . The 
modeled-f ragment diameter, mass, mass moment of inertia, and velocity components 
are specified by the user to correspond with those of the actual fragment. 
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The process called the collision-imparted velocity method (CIVM) is used 
for the collision-interaction analysis (see Refs. 1-3). Zn this process, 
energy and momentum considerations are employed to predict the collision- 
induced velocities which are imparted to the fragment and to .the impact 
affected zone of the ring. Also, the following sin^lifying assumptions are 
invoked: 

(1) The collision process is instantaneous and involves only the frag- 
ment and the intact-affected zone of the target ring. The impact 
affected zone is defined as the fraction of the ring that responds 
to fragment impact instantaneously with momentum changes. The size 
of the impact-affected zone of the ring can be estimated from the 
speed of a longitudinal wave or from semi-empirical data. 

(2) In an overall sense, the fragment is treated as being rigid but at 
the "immediate contact region" between the fragment and the struck 
ring the collision process is regarded as acting in a perfectly 
elastic (e 1), perfectly inelastic (e •< 0), or an intermediate 
fashion (0<e<l), where e represents the coefficient of restitution. 

(3) The colliding surfaces of both the fragment and the target ring may 
be either perfectly smooth (u = 0) or may be "rough" (y ^ 0) , where 
y denotes the coefficient of sliding friction. Hence, respectively, 
force and/or momentum (or velocities) are transmitted only in the 
normal- to-sur face direction or in both the normal and the tangential 
direction. 

(4) During the collision, the contact forces are the only ones considered 
to act on the impact-affected region of the ring and in an anti- 
parallel fashion on the fragment. Any forces which the ring segment 
on either side of the impact-affected region may exert* on that 
segment as a result of this instantaneous collision are considered 

to be negligible because this impact duration is so short as to 
preclude their "effective development". 

(5) To avoid unduly conplicating the analysis and because of the small- 
ness of the arc length of the ring finite elements, each affected 

- 

Such forces are termed "internal forces" as distinguished from the "external 
impact forces". 
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ring element Is treated as a straight beam segment (see Fig. 6} In 
the derivation of the impact inspections and equations. However, 
for modeling of the ring itself for transient response -predictions, 
the ring is treated as being arbitrarily curved and of variable 
thickness. 

An information flow schematic of the CIVM procedure is shown in Fig. 7- 
Briefly, the analysis procedure indicated in Fig. 7 consists of the following 
principal steps: 

1. Motions and Positions of Bodies 

The motions of the fragment and of the containment and/or deflector 
ring are predicted and the (tentative) region of space occupied by each body 
at a given instant in time is determined. 

2. Collision Inspection 

Next, an inspection is performed to determine whether a collision has 
occurred during the small increment (At) in time from the last instant at 
which the body locations were known to the present instant in time at which 
the body- location data are sought. If a collision has not occurred during 
this At, one follows the motion of each body for another At, etc. However, 
if a collision has occurred, one proceeds to carry out an (approximate) calcu- 
lation of the time of fragment-ring contact. 

3. Contact-Time Calculation 

The fragment and ring-node positions, velocities, and accelerations 
are known at an instant in time prior to ring-fragment collision. Using. this 
information, the (approximate) time of ring-fragment contact (within the small 
increment. At, in time), and the point of contact on the ring are calculated. 
When this information has been obtained, one then proceeds to carry out a 
collision-interaction calculation . 

4. Collision-Interaction Calculation 

In this calculation energy and momentum conservation relations are 
employed in an approximate analysis to compute the collision- induced changes 
in (a) the velocities (translation) and u)^ (rotational) of the fragment and 
(b) nodal velocities of the ring impact-affected segments. The coordinates 
which locate the positions of the fragment and of the affected segments are 
thereby corrected from their tentative uncorrected- for- impact locations. 
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One then returns to step 1, and the process is repeated for as many time 
Increments as desired. 

The details of this analysis procedure as well as various considerations 
and simplifying assumptions employed are discussed further in Appendix A. 

2.3 Solution Procedure 

The spatial finite-element approach is utilized in conjunction with the 
Principle of Virtual Work and D'Alembert's Principle to obtain the equations 
of motion of the structural ring which is permitted to undergo large-deflection 
elastic-plastic transient deformations. In the interest of conciseness and 
convenience in this report, the user is invited to consult Ref. 1 and/or 
Appendix A for a detailed derivation and discussion of the equations of motion. 
For present purposes, it suffices to note that the governing equations of 
motion for the complete assembled discretized structural ring correspond to 
the unconventional (improved) formulation of Ref. 1 and may be written in the 
following formas 


- (Pi * M(^i -rxt]{r/ = (o) 


where 

• • 

{q*} and {q*} 

[M-»] 

{P*} 


IH*] {q*} 
[K*l 


are the global generalized displacement vector 
and acceleration vector. 

is the mass matrix of the complete structure, 
is a "generalized loads" vector representing 
both elastic and son« plastic behavior contribu- 
tions. 

represents "generalized loads" arising from both 
large deflections and plastic strains, 
represents the effective stiffness matrix supplied 
by the elastic foundation and/or the restraining 
spring. 


In the present procedure, a diagonal "lumped" mass matrix is employed. 
The justification for the use of lumped mass instead of consistent mass is 
outlined next. A comparison of numerical results obtained using lumped mass 

^The right-hand side of Eq. 2.1 is zero since it is assumed that there are no 
prescribed externally-applied forces acting. 
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VS. consistent mass, given In Ref. 1, for ring-type structures shows similar 
results for both mass systems. The use of a lun^d mass matrix also results 
In a decrease of the highest natural frequency, con^arcd with the use of a 
consistent mass matrix, for the assembled structure, and thus permits one to 
use a larger time step. At, for the structural response calculations (as will 
be described shortly) . This fact, coupled with reduced storage requirements 
and additional savings of computation time In each time step because of the 
simple form of the mass matrix, makes the use of a lumped mass matrix computa- 
tionally efficient. Finally, In the collision Interaction analysis the 
element (and structure) mass properties are assumed to be lumped at the nodal 
points. Thus, for consistency, the mass properties of the ring structure used 
In the global timewise solution procedure should also be nodal lumped masses. 

The resulting equations of motion are solved through the use of the 3- 
point central difference time operator whereby one obtains a recurrence equa- 
tion which provides a solution step-by-step in finite-time increments. Based 
on computing experience, this operator is much more simple and requires a 
minimum of storage and operations (compared, for example, with the Houbolt 
operator) within each time step of calculation for advancing the solution ahead 
in time. However, it should be noted that in order for the 3-point central- 
difference operator to provide a reliable prediction, the time step size. At, 
employed must be small enough. To insure a suitably small At, the following 
procedures are built into the computer program utilizing this central-difference 
operator so that the time-step size. At, can be either specified by the user 
or the program will compute the largest natural frequency, of the system 

and will then choose a value of At =0.8 (2/w ), where At < 2/u) 

max max — max 

is the stability criterion of a corresponding linear dynamic system; the 
factor 0.8 is introduced in order to take large-deflection effects into account. 
The which represents the largest natural frequency contained in the 

(linear) mathematical model of the structure, is obtained by an iteration 
process applied to 

= [f<*] ( 2 . 2 ) 
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where [K*] Is the usual elastic stiffness matrix of the structure which Is 
used only for the calculation of allowable At, and Is not employed In the 
global timewise solution because of the use of Eq. 2.1 in place of the "con- 
ventional" equations of motion. 

Following the calculation of the allowable At, the equation of motion is 
solved by using the central difference operator. Also, a collision inspection 
and correction procedure is carried out for each time-step of the advancing 
calculation. In the following, the general solution process is described 
briefly. 

First, information is provided to define the geometry of the ring includ- 
ing' its prescribed displacement conditions and elastic restraints. In addition 
the ring material property constants and the attacking-fragment parameters are 
defined. Also defined is the structural discretization information and numer- 
ical integration data. It should be mentioned that Gaussian quadrature is 
employed in the present analysis to evaluate the element-property matrices — 
this requires that the stresses and strains be evaluated at a selected finite 
number of Gaussian stations over the "spanwise" and depthwise region of each 
finite element. Next, the mass matrix and the stiffness matrix for the entire 
structure are evaluated by assembling the element mass and stiffness matrices. 
Then the proper prescribed displacement conditions are imposed and a reduced 
mass matrix and stiffness matrix are obtained by deleting the corresponding 
rows and columns associated with those generalized displacements which are 
prescribed to be zero. Also constructed are the discrete element property 
matrices that do not change with time (and remain constant throughout the pro- 
gram) , such as the matrices relating strain to the nodal generalized displace- 
ments, etc. The maximum natural frequency, u , of the structure is then 

mdx 

calculated from Eq. 2.2, and the maximum allowable step size. At , is found. 

mdx 

This value is compared with the user specified value of At, and the smaller of 
the two values is chosen for the timewise solution procedure. If the user has 

chosen the time-step "over-ride" option, the user specified At will be used. 

The ring structure is assumed to be at rest at time t^, and the position 
and velocity of the attacking fragments are known at time t^. From this in- 
formation the generalized nodal and fragment displacements and displacement 
increments are computed for the first time increment At. Then, the fragment- 
ring collision inspection and correction procedure is carried out. If one, or 
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more, ring- fragment collisions have occurred during this At, the coordinates 
which locate the position of the fragment and impact-affected nodes of the 
ring are thereby corrected from their tentative uncorrected- impact locations. 
Next, the strain increment developed from t^ to t^ at every Gaussian station 
(or point) required over and depthwise through each finite element are calcu- 
lated. From a knowledge of the prescribed initial stresses (if any) and the 
strain increments, one can determine the stress increments, the stresses, and/ 
or the plastic strains and the plastic strain Increments through the use of 
the pertinent elastic-plastic stress-strain relations including the plastic 
yield condition and flow rule. Next, one can calculate the equivalent 
generalized load vectors arising from large deflections and plastic strains. 
Then, the proper recurrence equations, which is the finite-difference repre- 
sentation of the equations of motion, are solved to obtain the ring-nodal 
generalized displacements and displacement increments of the next time incre- 
ment. The pertinent equations of motion for the fragment are alsa solved to 
obtain the displacements and displacement increments of the next time incre- 
ment for each attacking fragment. The process then proceeds cyclically for 
as many time steps as desired. It should be noted that the ring structure 
remains at rest until the first ring-fragment collision occurs. 

For the present purposes, the above general description is considered 
to be adequate; one may consult Appendix A and Refs. 1-3 for a more detailed 
discussion of the solution and evaluation process. 
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SECTION 3 




DESCRIPTION OF PROGRAM AND SUBPROGRAMS 


3.1 Program Contents 

The CIVM-JET 4B program is composed of a main program and 23 subrout’.nes 
which appear in the program in the order listed. The names and functions of these 
programs arc as follows. 


MAIN 



ASSEF 


Reads the ring geometry, material property data, the structural 
discretization information, and/or the prescribed displacement 
conditions and elastic restraints. Also, read in arc the fragment 
geometry parameters and the fragment velocity components. It 
computes the quantities that are constant throughout the program 
and initializes most of the variables used in the subroutines. 

It controls the logical flow of information supplied by the various 
subroutines and the overall time cycle. Also, the lumped mass 
matrix ^ M*J is generated by this routine and stored in row form. 

This subroutine assembles the generalized nodal load vectors (due 
to large-deflection elastic-plastic effects) of each individual 
element into a generalized nodal load vector for the structure as 
a whole. 


ASSEM 


BRAN 



CUBIC 


This subroutine updates the structural stiffness matrix as the 
element stiffness matrix is generated. The components of the 
assembled stiffness matrix {K*J, which is a symmetric matrix, are 
stored in a linear-array form; only the lower triangular part of 
CK*I need be and is stored (row-wise) starting with the first nonzero 
element in the row and ending with the diagonal term. 

This subroutine reads the geometry, boundary constraints, and elastic 
restraints for a branch. The global numbering system of the main 
structure is then modified to include the branches. BRAN establishes 
arrays which contain information facilitating the rotations required 
in other subroutines. It also establishes identifier arrays which 
distinguish between elements of the main structure and elements of 
the various branches. 

A slave subroutine of root 4. Used to calculate one real root of a 
cubic equation. 
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L»i • — ^ 


DINIT 


- ELMPP 


ENERGY 


ERC 


FI COL 


I DENT 


IMPACT 


IMPCTE 


This subroutine initializes all ring response calculation vectors and 
advances each of N fragments to its location at a time (which is 
user specified) prior to initial impact. 

This subroutine evaluates the element stiffness matrix ()(1, for 
each discrete element, and then performs discrete element assembly 
to form (K*] for the complete structure with respect to global 
coordinates. Next, the prescribed displacement conditions (if any) 
are imposed on [K*l to form a restrained matrix. Also evaluated 
are the transformation matrices between the strain at each spanwise 
checking (Gaussian, or other) station and the generalized nodal 
displacement conditions of the element. 

Computes the energies of the fragment and the ring at each printout 
cycle. The ring energies are subdivided into the plastic energy, 
elastic energy, kinetic energy, and energy absorbed in the elastic 
foundations. 

Imposes the proper prescribed displacement conditions to the (K*) 
matrix by restraining the corresponding rows and columns of the 
matrix. 

Finds the corresponding location of an element in the linear array 
expression to a location in a two dimensional array expression of 
the (K*J matrix. 

The IDENT subroutine is uued to print out the values of cenrtain 
input parameters at the beginning of the run, and is used to 
identify the type of run that is being made. 

This subroutine is the controlling routine for carrying out the 

\ 

search for impact occurrence involving one of N fragments on each 
element of the ring for all fragments considered. When it is 
determined that a fragment-ring collision has taken place, IMPACT 
controls the application of appropriate correction factors to the 
velocities of the fragment and the nodal points of the affected elements. 

A slave subroutine of IMPACT. This subroutine calculates and 
applies the appropriate correction factors to the velocities of 
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the fragment and the nodal points of the elements affected when 
a fragment-ring collision has occurred. 


MINV 

OMULT 

PENTRN 


PRINT 

QREM 

RCX3T4 

ROTAT 


STRESS 


Performs the matrix inversion; a standard Gauss-Jordan inversion 
method is used. 

Performs the multiplication of a square matrix (stored as a vector) 
and a vector. A vector results. 

A slave subroutine of IMPACT. Given the position of the fragment 
and ring nodes and the geometry of the fragment and idealized 
ring structure, this subroutine determines whether any "overlapping" 
(penetration) exists between the fragment geometry and the ring 
geometry. 

PRINT controls the program output and format. 

Evaluates the effective stiffness matrix fK*I* supplied by the 
elastic foundations and/or the restoring springs, and then imposes 
the prescribed displacement conditions on (K*) accordingly. 

A slave subroutine of TCONT. ROOT4 solves the quartic equation 
which is encountered in the calculation of the time of fragment- 
ring contact. Only real roots are calculated (imaginary roots 
have no meaning here) . 

This subroutine generates the transformation matrix necessary to 
rotate from the global displacement system to the element displace- 
ment system. This matrix is then applied to the element [)0 matrix, 
the displacement vector and the equivalent load vector (as required) 
to perform the rotation for the connecting branch elements and any 
elements containing discontinuities. 

This subroutine evaluates the generalized load vectors, (R.H.S. of 
Eq. A. 30a) arising from the presence of large-deflections and plastic 
strains. First, the stresses and plastic strains are determined 
at each quadrature station, which involves the use of the strain- 
displacement relation and the stress-strain relation. The strain- 
hardening and strain-rate sensitivity effects are taken in considera- 
tion. Next, the appropriate Gaussian integration scheme is used 
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If 

>, to form the element generalized nods’ load for each discrete 

: element, and finally, an assembled i, .lerallzed nodal load vector 

I 

is calculated. 



f 


TCONT A slave subroutine of IMPACT. This subroutine determines the 

(approximate) real time at which contact of the fragment onto the 
ring occurs (within a given increment In time) . TCONT calculates 
the time of contact, element contacted, point (in space) of contact, 
and the fragment involved in this fragment-ring contact. 


TSTEP This subroutine is called during each problem run to compute At 

max 

and to constrain the user-specified At to be < At . It finds 

““ nidx 

the highest natural frequency, in the mathematical model of 

a corresponding linear dynamic system JM*] {q*} + (K*J {q*} = 0 by 

using an Iteration process, and then calculates a value of At = 

mdx 

0.8 (2/u ). 

max 

UPDATE A slave subroutine of IMPACT. This subroutine calculates the 

position of the ring nodes and fragment c.g. at time tj^ given the 

position, velocity, and acceleration of the ring nodes and fragment 

c.g. at time t (where t, may be greater than or less than t ). 

’ o 1 o 


3.2 Partial List of Variable Names 

A(I,J) (Al, ail 8x8 matrix defines the transformation between the element 

generalized nodal displacements {q} and the parameters {6} in the 
assumed displacement field of each element. It is destroyed in 
computation and is replaced by its inverse (A ^J. 


AA(JR,I, J) 
ADOT(I) 

AEP (I, J,K) 


A matrix that stores all of the (A matrices. 

The angular velocity of the Ith fragment (rad/sec). Positive sign 
denotes counter-clockwise rotation. 

Transformation matrix which relates strain at Ith additional strain 
point to the generalized nodal displacements of the element on which 
it is located. 


AINT 



Pre-impact approach velocity of the fragment- impacted ring element 
system normal to the ring element relative to the fragment. 
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AL(I) 


Element arc length of the Xth element. 



ALFA (I) 

ANB(I) 

ANG(I) 


ANODB 
ANGDI (I) 


APHA 

APN 

APT 

ASFL 

AXG(I) 
AWG(I) 


B(L) 


BEP(IR,J,I,K) 


B1(L) 

BIG(L) 


Angular rotation of fragment 1 (rad. ) . 

Same as ANG(I), applies to initial input for branch nodes. 

The slope, which is the angle between the tangent vector and the 
+y axis, at the Ith node. 

The slope, which is the angle between the tangent vector and the 
+y axis, at the Ith slope discontinuity. ANGDB refers to initial 
input for branches. 

The angle between the chord connecting the first node of the 
element to the second node, and the +Y axis. 

Fragment- induced impulse normal to the impacted ring element 
surface. 

Fragment-induced impulse tar:gcntial to the impacted ring element 
surface. 

Stress and/or plastic strain weighting factor on the Lth sublayer 
in the Kth depthwise Gaussian point at the Jth spanwise Gaussian 
station of the Ith element. 

Input vectors with dimension NCXSA; contain Gaussian quadrature 
constants, x^, and weights, of 

J f <-) = T, W, 

o *■ 

employed in the spanv/ise integration over each element. 

Width of the ring (inches): L=1 for main structure; L^2 for 
branches. 

Transformation matrix which relates the strain at the Jth spanwise 
Gaussian station to the generalized nodal displacements of the IRth 
element ((0^), I = 1,2,3, see Eq. A. 14). 

Same as B.G(L), for largest average nodal strain. 

The largest computed strain at the Gaussian stations for the Lth 
substructure , up to the present cycle. It should be noted that 
strains are ci'mputed at every cycle. L=1 for main structure, 

L>2 for branches. 
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BIGA(L) 

BINP(I,J) 

BIMP{I,J) 


B0NE 

BTIM(L) 

BTIMA(L) 

btime(l) 

CELAS 

CINETF 

CINETO 


C0PY (1 
C0P2 (I) 

CR(J) 




DALFA(I) 


DCRTE 


DELD(I) 

DELTAT 

DELTR 

DENS (L) 


The largest computed strain at the additional strain points, up 
to the present cycle. 

The longitudinal force and the bending moment, respectively, over 
the cross section at the Jth spanwise Gaussian station of the Ith 
element (see Eq. A. 26). 

The highest natural frequency squared of a corresponding linear 
dynamic system. 

Same as BTIME(L), applies to nodes. 

The time at which the largest computed strain occurs at the addi- 
tional strain points. L=1 for main structure, L>2 for branches. 

The time at which the largest computed strain occurs at the 

Gaussian stations. 

Elastic energy stored in ring up to the present time. 

Kinetic energy stored in fragment up to the present time. 

Kinetic energy imparted to ring up to the present time. 

Current global Y coordinate and Z coordinate, respectively, of 
the Ith node. 

Coefficient of restitution between the Jth fragment and the 
impacted ring surface. 

Impact-corrected angular displacement increment of the Ith fragment 
at the current time step. 

Critical distance used in calculating where a positive penetration 
has occurred between a fragment and a ring element. It is equal 
to the fragment radius plus one half the mean element thickness. 

Vector contains the generalized nodal displacement increment 
during the current time step. 

Time-step size used in the program. At. 

Time remaining during a time step At. Used in impact inspection 
and correction calculations. 

Density of the Lth structural segment. L=1 for main structure, 

2 4 

L>2 for branches (lbs- sec /in ) . 
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DFCGU(I) 






DPCGW(l) 

DISP(I) 

DROT (L) 

DS(L) 

DUMMY 

EFLNCLi 

ELK(I, J) 
ELMAS (I,J) 
ELRP(I,J) 

EPS(L,J) 


EPSI (I) 
EPS0(I) 


EXANG 


FACTFN 


Impact-corrected Y direction displaf'ement increment applied to 
the position of fragment I. 

Impact-corrected Z direction displacement increment applied to 
the position of fragment 1. 

Vector which contains the generalized nodal displacements at the 
current time instant. 

Stores information used in rotating a displacement vector into 
the global system at a point of slope discontinuity. 

Material constant used in the strain-rate sensitivity formula. 
L=1 for main structure, I>2 for branches. 

A dummy argument in the calling statement of Subroutine 
ROTAT. 

The effective impact length of the ring (inches). L=1 for main 
structure. L>2 for branches. 

Element stiffness matrix of dimension 8x8 'Eq. A.18d). 

Element mass matrix of dimension 8x8 (Zq. A. 16). 

Element effective stiffness matrix of dimension 8x8 supplied by 
elastic restraints. 

Input quantities of abscissa of the uniaxial stress-strain- curve 
for the Jth mechanical sublayer material model. L=1 for main 
structure, L>2 for branches. 

Average axial strain on the inner surface and on the outer 
surface, respectively, at node I. 

If EXANG=360.0, the structure is considered to be a complete 
ring. If EXANG ^ 360.0, the structure is considered to be a 
partial rina. 

Impact- induced correction factor applied to the normal- to-impact 
displacement increment of the attac)<ing fragment at the time 
of contac, . 
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FACTFT 


t 



i 


FACTFO 


FACTN 


FACTT 


FARE 

FCUR 


] 


FCGU(I) 

FCGW(I) 

FLVA(I) 

FMASS (I) 
FM0I (I) 
FREQ 


GFL(IR,I,J) 


GZETA(IR,I,J) 

H(I) 

HB(I) 

HTH(L) 



Impact- induced correction factor applied to the tangential-to- 
impact displacement increment of the attacking fragment at the 
time of contact. 

Impact-induced correction factor applied. -to the rotational dis- 
placement increment of the attacking fragment at the time of 
contact. 

Impact- induced correction factor applied to the normal-to- 
impact displacement increment of each affected node. 

Impact- induced correction factor applied to the tangential-to- 
impact displacement increment of each affected node. 

Midplane axial strain and curvature increment, respectively, at 
the selected spanwise Gaussian station of each element. 

The global Y coordinate of the centroid of the Ith fragment. 

The global 2 coordinate of the centroid of the Ith fragment. 

Assembled generalized load vector corresponding to large deflec- 
tions and plastic strain presence; it equals {P*} + [H*] {q*}. 

2 4 

The mass of the Ith fragment (lb-sec /in. ) . 

2 

The mass moment of inertia of the Ith fragment (lb-sec -in). 

The highest natural frequency of a corresponding linear dynamic 
system of the ring. 

Stress and/or plastic strain weighting factor on the Jth depthwise 
Gaussian point at the Ith spanwise Gaussian station of the IRth 
element. 

Distance from the centroidal axis to the Jth depthwise Gaussian 
point at the Ith spanwise Gaussian station of the IRth element. 

Thickness of the ring at the Ith node. 

Same as H(I), applies only to initial input for branches. 

The branch thickness for the Lth branch at its connecting node. 
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iai(U 

IBIG(L) 


IBIGA(L) 

IC0L(I) 


ICON 
ICONT 
IFLACa, J) 
IK 

IMCO 

IMCOU 

INUM(I) 


IRBUN 

ISTA(I) 

ISTAA(I) 

ISIZE 

ISUR(L) 

ISURA(L) 

ISURF(L) 


Same as IB1G<L), applies to nodes. 

The element number whose strain, computed at one of its Gaussian 
stations, exhibits the largest value during the present computer 
run. L=>1 main structure, L^2 for branches. 

Same as IB ' :,) , applies to additional strain points. 

Vector, of length NI, contains the column number of the first non- 
zero entry in the Ith row of the structural mass and/or stiffness 
matrix. 

INDICATOR = 0 if last data input 

/• 

1 if more runs are desired 

INDICATOR, if >0 then the program expects data for a continuation 
run. 

A flagging matrix which indicates whether element I has been 
impacted by fragment J during a given time step. At. 

Number of discrete elements into which the whole structure is 
discretized for analysis. 

Indicates the occurrence of an impact in the previous time cycle. 
Indicates the number of impacts up to the present time instant. 

Vector of dimension Nl contains the corresponding position in 
the linear- array of the first nonzero entry in the Ith row of the 
structural mass or stiffness matrix, 

A counter; is equal to the number of runs of CIVM-JET 4B in a 
single computer submittal. 

The number of the Gaussian station at which the strain is a 
maximum. 

The number of the additional strain point at which the strain is 
a maximum. 

Number of locations required for the storage of the structural 
mass or stiffness matrix in linear-array form. 

Same as ISURF(L), applies to nodes. 

Same as ISURF(L), applies to additional strain points. 

L=1 for main structure, L^2 for branches. 

INDICATOR = 1 if largest computed strain occurs on inner surface 
= 2 if largest computed strain occurs on outer surface 
Refers only to strains calculated at Gaussian stations. 
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IT 

JF 

KII 

KR0W{I) 

LATT 

LBR(I) 

LHIT(I) 

LMT(I) 

LNTMIN 

MATT(L) 

MIRP 

MK(I) 

MKE(I) 

MM 

MNEL(I) 

Ml 

M2 

MPU 


Current time-step {cycle) number. 

The fragment number which is involved in the ring segment impact. 

Number of nodes included in impact-affected region. 

The row number of the. Ith irregular row in the structural mass 
or stiffness matrix. 

Indicates how the branch is attached to the main structure: 

■ -1 inner surface 

B 0 midsurface 

B 1 outer surface 

The number of a branch upon which a boundary condition is to be 
applied. 

Indicator array. I “ branch number. If LHIT(I)=0, branch is to be 
impacted; in the present program LHIT(I) must be set equal to zero. 

Array which stores the element numbers of those branch elements 
where impact cannot occur. 

Element upon which the first impact has occurred during a given 
time step. 

Indicates the node at which the Lth branch is attached. 

Indicates the first fragment that is released at a time after the 
initial impact. 

Vector which contains new nodal numbers for the main structure, 
given I as the old nodal number. 

Indicates the substructure to which the Ith element belongs. 

Time step (cycle) at which run is to stop. 

Number of elements in the Ith substructure. 

Cycle at which regular printing starts. 

Printout will occur every M2 cycles. 

Indicator for punched out'iut: IF MPU = 0, no punched output. 

IF MPU 0, data is punched from 
last time cycle. 
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MREAD 
MWRXTE , 
MPUNCH 

NBS(I) 

NBCB(I) 

NBC0NB 

NBC0ND 

NBB 

NBEXd) 


NDIS 
NEDI (I) 

NEDIB(I) 

NELT(I) 

NF 

NFL 


NI 


NIRREG 


Number for the data input tape unit, printed output tape unit, 
and the punched output tape unit, respectively. These names 
must be assigned a number in MAIN corresponding to the user's 
computing facility requirements. 

The prescribed-displacement condition identification number. 

Same as NBC(I), applies to initial input for branches. 

The number of nodes at which the prescribed displacement condition 
is to be specified; refers only to branches. 

The number of nodes at which the prescribed displacement conditions 
arc to be specified. 

Indicates the number of branches that are to be added to main 
structure (not to exceed 5) . 

The corresponding position in the linear-array of the first non- 
zero entry in the Ith irregular row. 

The number of elements containing a slope discontinuity. 

The main structure element number of the 1th element containing 
a slope discontinuity. 

The branch element number of the Ith branch element containing 
a slope discontinuity. 

Number of elements in the Ith branch. 

The number of fragments considered to be impacting the ring. 

The number of depthwise Gaussian points through the thickness of 
each layer for the numerical evaluation of stress resultants 
(axial forces and bending moment) at each spanwise Gaussian 
station. 

Total number of degrees of freedom (unrestrained); it equals the 
number of nodes times 4. Also, it is the number of rows in the 
assembled structural mass or stiffness matrix. 

Number of irregular rows in the assembled structural mass or 
stiffness matrix. 



N0DBB(I) 


N0DEB(I) 

NODP(I) 


N0GA 



NPP 

NQR 


NBELd) 


NRST(I) 

NREU(I) 

NS 


nsfl(l) 


NTOVR 


NVEC(I,J) 


P(L) 


The node number along branch (I) at which a boundary condition 
is to be applied. 

The node number at which the prescribed displacement condition 
NBC (I) is to be specified. 

Nodal number (from main structure numbering system) at which the 
Ith branch starts. 

The number of Gaussian stations to be employed for the spanwise 
numerical integration of the element properties over each element. 

The number of point elastic restraints (elastic restoring springs) 
and the number of locally distributed elastic restraints/ respec- 
tively, which are to be specified over the structure. 

Number of positive penetrations during time DELTR. 

Indicator, which if > 0 indicates that this structure is subjected 
to elastic restraints (point and/or distributed) . 

The element number at which the Ith point elastic restraint is 
to be specified. 

The first element and the number of elements, respectively, over 
which the Ith distributed elastic restraint is to be specified. 

The total number of nodes. For a partial ring NS=IK+1. For a 
complete ring NS=IK. 

Equals the number of mechanical sublayers in the strain-hardening 
material model; also is the number of coordinate pairs defining 
the piecewise linear stress-strain curve of the substructure's 
material. 

L = 1 for main structure, L > 2 for branches. 

Allows the user to override the automatic time check. 

= 0 (or blank) time check used 

= 1 User's DELTAT used regardless of value calculated by 
subroutine TSTEP 

Array containing nodal numbers which form the end points of the 
-Ith element. J =-l or 2 (First or second node, number clockwise 
for mam structure, outwards for branches, and inwards for a 
branch attached to node 1 of a partial ring.) 

_ Constant used in the strain-rate sensitivity formula. 

L = 1 for main structure, L > 2 for branches. 
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PAL 


PAX 


PIE 

PLAST 


QACL(I) 

QVEL(I) 


RCOS( 
RSIN(I) 


»] 


REX (I) 


RFACTR 

RL(I) 

RMASS (I) 
RMX(I) 

ROT(I,J) 


RWORK 
SCTP " 

I 

SCTY ' 

j 

SCRP 



Fractional distance from point of impact to first node of the 
impacted element. 

Fractional distance from p>oint of impact to second node of the 
impacted element. 

Represents ir = 3.141592653589793. 

Total plastic work done on the structure up to the current time 
step (mechanical work dissipated during plastic flow) . 

Vector which contains the generalized nodal accelerations at the 
current time instant. 

Vector which contains the generalized nodal velocities at the 
current time instant. 

Cosine and sine, respectively of the angle that element I makes 
with the global Y axis. Used in transformation from Impact to 
local and local to global coordinate systems. 

The length coordinate along the centroidal axis from the node 
NREL(I) at which the Ith point elastic restraint is to be 
specified. 

Strain rate factor used in the stress calculation. 

Straight line length of ring element I used in the collision 
inspection and correction analysis. 

Lumped mass and moment of inertia values, respectively, at ring 
structure node I. 

Array which contains information needed to rotate a stiffness 
matrix. 

I = Number of branch 
J = 1 or 2 

R0T(I,1) = 0.0 if Ith branch connects to first node 
of main structure. Equals 1.0 for all other connecting 
points. R0T(I,2) = Ang]e of rotation. 

Total energy stored in ring, up to the current time. 

The tangential and normal translational restoring spring elastic 
constants, respectively. 

The rotational restoring spring elastic constant. 
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SCTU 
SCTW 

SCRU 

SIG(L,J) 


Tangential and normal translational elastic foundation stiffness 
constants, respectively. 

Elastic foundation modulus In torsion. 

Input quantities for the ordinate of the uniaxial static stress- 
strain curve for the Jth mechanical sublayer material model. 


L ■> 1 for main structure: I< ^ 2 for branches. 

SINT Relative tangential velocity between the ring Impact-affected 

nodes and an Impacting fragment. 

SN0(N,L) Uniaxial static yield stress of the Nth mechanical sublayer 
material model. 

L = 1 for main structure; L > 2 for branches. 


SNS(I,J,K,L) Axial stress of the Lth mechanical sublayer at the Kth depthwise 
Gaussian point at the Jth spanwlse Gaussian station of the Ith 
element. 

SNY Uniaxial yield stress of the mechanical sublayer, taking strain- 

rate sensitivity Into account. 

SOL(I} Contains the solution vector of a series of matrix equations. 

SPDEN Total energy stored In the elastically-restoring springs and/or 

the elastic foundations at the current time instant. 


SPRIN(I) 

STIFK(I) 

TAII 
TANK . 
TIME 
TIME 
TMIN 


The assembled effective stiffness matrix supplied by elastic 
restraints (stored in a linear array form) . 

Assembled structural elastic stiffness matrix, stored in a linear- 
array form. 

Time of initial impact. 

Boundary between rolling and sliding friction. 

Current time (IT*DELTAT) . 

Time at which all calculations are to stop. 

* 

Time of first contact t measured from start t of the sub— 

c . m 

min 

time step interval (see Eq. A. 107). 
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m 

I TNJ (J) 

TPRIM(J) 
TRAN (I, J) 


TU(I) 

TW(I) 


TWG(I) 

TXG(I) 



UDOT(J) 

UNK(J) 

VEL(I) 

VELFA(J) 

VELFU(J) 

VELFW(J) 

WDOT(J) 

XDIST(I) 

YK(I) 




Indicates whether or not fragment J has been released before 
the start of calculations. 

Length of time that fragment J has been traveling prior to initial 
impact of the first fragment. 

Transformation matrix, used to rotate displacement vector and 
clement stiffness matrices into global coordinates. Used for 
branch connection and slope discontinuities. 

Trial Y and Z coordinates, respectively, of the Ith node during 
impact calculations. 

Input vectors with dimension NFL; contain Gaussian quadrature 
constants and weights, of 
*! 

J I 

used in the numerical integration of stresses and/or plastic 
strains through the thickness. 

Tne velocity component of the Jth fragment parallel to the global 
Y axis. 

Coefficient of friction for the Jth fragment. 

Vector contains post impact nodal velocities. 

Same as: ADOT(J) 

UDOT(J) used -in_ impact calculations 

WDOT(J) 

The velocity component of the Jth fragment parallel to the global 
Z axis. 

Distance from reference axis to attachment point of Ith branch. 

A general work vactor. It is finally used to store either the 
number 1 or 0 for each element (I) to indicate whether a transfor- 
mation isnecessary. YK(I) is used together with ROT(I,J) to 
identify and aid in rotating an element’s stiffness matrix. 
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arfi0 



Elastic (Young's) modulus (the slope of the 1st segment in the 
piecewise linear approximation of the. uniaxial stress-strain 
curve) . 

L 1( main structure; L ^ 2 for branches. 

Initial y coordinate and Z coordinate, respectively, of the Ith 
node. 

Scune as Y(I) and Z(I); applies only to branch nodal input. 



Y0UNG (L) 


Y(I) ] 
Z(I) j 

YB(I) 
ZB(I) J 
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SECTION 4 





USE OF THE CIVM-JET 4B PROGRAM 


4.1 Input Information and Procedure 

The information' required to punch a set of data cards for a run of the 
program is presented in a step-by-step manner In this section. The variables 
to be punched on the nth data card are shown, and to the right is the format 
to be used for tbat card; the definition of and some restrictions for each 
variable are given directly below. This is done for each card, in turn, 
until all are described. 


Card 1 

B(l), OENS(l), EXANG 

where 


Format 

3D15.6 


B(l) The width of the main structure (inches) (other structural 

portions are called "branches") 

2 4 

DENS(l) The material density of the main structure (lb-sec )/in 
EXANG The angle (in degrees) that the ring subtends: for a complete 

ring, EXANG = 360.0; for a partial ring, EXANG ^ 360.0. 


Card 2 

IK, 

where 

IK 


NOGA, NFL, NSFL(l), MM, Ml, M2, NF, TIMF 


8I5,P15.6 


The number of finite elements used to model the main structure. 
The total number of elements, including branch elements cannot 
exceed 50 (however, this limitation may be relaxed by changing 
the appropriate dimension statements of the progreun) . 

NOGA The number of spanwise Gaussian stations to be used for the 

spanwise numerical integration’ over each element in evaluating 
the element property matrices. NOGA=3 is used in CIVM-JET 4B. 

NFL The number of depthwise Gaussian points to be used for the 

numerical integration through the thic)cness at each spanwise 
Gaussian station. This number cannot exceed 6. 

NSFL(l) See Card 5A for description. 
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MM The cycle numiser at which ^e run is to stop. 

Ml The cycle number at which the regular printout is to begin. 

Ml must not equal 0. 

M2 The number of cycles between regular printout (i.e., print 

every M2 cycles) . 

NF The number of fragments considered to be impacting the ring. 

This number cannot exceed 6. 

TIME The time at which the program will stop all calculations. 


Card 3A 

Y(l), 

where 


Z(l), ANG(l), H(l) 


4D15.6 


1 


y(i) 
2 ( 1 ) 
ANG(l) 




Initial y coordinate and 2 coordinate, respectively, of the 
first node (inches) . 

The slope (degrees) which is the angle between the tangent 
vector and +Y axis at the first node. An angle from the +Y 
axis to the tangent vector in a counter-cloc)cwise direction 
is defined as the positive direction. 

The thic)(ness of the ring (inches) at the first node. 
Additional Cards 3B, 3C,... are punched in exactly the same format as 
Card 3A until the total number of No. 3 cards equals the total number of nodes 
of the main structure (IK+1) for a partial ring and equals IK for a con?>lete 
ring, where IK is the value appearing on Card 2. 


H(l) 


Also the following two conditions must be satisfied by ANG(I) (where 
I is the node number) : 

(1) -180° < ANG(I) < +180° 

(2) An element cannot have a change in slope between its first node 

o 

and its second node that is greater than 15 . This refers only 
to the shape of one element (see Fig. 3); slope discontinuities 
between two elements are handled on Card 4. 

Note that for book)ceeping purposes, the nodal slope is defined to be identified 
with the first end (left-hand end) of the element at that node for structures 
with continuous slopes. However, where a slope discontinuity occurs on the 


29 




main structure, a node must be used and two slopes must be given: (1) one 

(given on Card 3) associated with the second end (right-hand end) of the 
pertinent element and (2) one associated with end one (L-H end) of the next 
element; the item (2) situation is dealt with by Cards 4A, 4BA, 4BB, 4BC, 
etc. 


Card 4A 

NDIS ' 15 

where 

NDIS The total number of elements in the main structure having a 

slope discontinuity at the first node of the element. 

If there are no slope discontinuities on the main structure, set 
NDIS = 0 and go to Card 5 . 

Card 4 BA 

NEDI(I), ANGDI(I) 4(15, D15. 6) 

where 

1=1, NDIS 

NEDI(I) The element (on the main structure) at which the Ith slope dis- 
continuity appears on the element's first node. 

ANGDI(I) The appropriate slope (degrees) for the Ith slope discontinuity: 
the slope is measured between the tangent vector to the element 
at the station in question and the +Y axis (see Card 3A, ANG(l) 
for a description of the measurement system) . 

Additional Cards 4BB, 4BC, etc. are used until all of the "slope dis- 
continuities" are described. (See Fig. 8 for a further description of the 
discontinuity option.) 

The sequence of cards starting with Card 5 and going through Card 5DB 
contains all of the data for branches to be applied to the main structure, 
except that elastic restraints must be handled as one unit on Card 15. If 
no branches are to be applied. Card 5 has NBR=0; then proceed to Card 6. Only 
5 branches are allowed, with a maximum of 10 elements in any one branch. A 
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! branch may not be connected to another branch. Branches may be attached to 

any node on the main structure, or to the Inner or outer surface of the main 
structure at any node but only one branch may be connected to a given main- 
structure node. Note that if a complete-ring primary structure is specified, 
no branch may connect to. node 1 of the primary structure. The following 
sketch shows typical permissible arrangements of the branches: 



Note the difference in the numbering schemes for branch 1 conpared with 
branches 2 and 3; the last geometry input card for a branch pertains to 
its junction with the main structure. Numbering of the primary structure 
is done independent of any branches. Typical branch numbering is given in 
the above sketch. Note that all numbering in the above sketch is done in 
each substructure's system. The program will renumber (in a clockwise manner) 
the entire finite element system. 


The following describes the sequence of Cards (5A through 5DB) needed 
to accommodate branches (these cards are nested in such a way that each 
branch's material and geometric properties are specified, branch by branch, 
followed by slope-disccntinuity information for all branches, followed by 
boundary condition information for all branches) : 


Card 5 

NBR 

where 


FORMAT 

15 
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NBR The number of Individual branches being added to the main 

structure (NBR£5) . 

If NBR=0 GO TO CARD 6 

Card 5 A 

NSFL(L), B(L), DENS(L), DS(L), P(L) I5,4D15.6 

where 


L=2, NBR+1, (L-1) is the branch number, and the values of these variables 
when L=1 are equal to the main structure’s material. 

NSFL(L) The number of mechanical sublayers in the strain-hardening 
model of the material of the (L-l) branch, and is equal to 
the number of coordinate pairs defining the polygonal approxi- 


B(L) 
DENS (I ) 
DS (t) ] 

P(L) J 


matron of the stress-strain curve of the material (NSFL(L)<5). 
Width of the (L-l) branch (inches) . 

2 4 

Mass density of the (L-l) branch (lb-sec )/in 
See Card -6 
(L-l) Branch 


Card 5AA 

EPS(J,L), SIG(J,L) 

where 


J = 

(L-l) = 
EPS (J,L) 
SIG(J,L) 


coordinate pair number £ 5 
branch number £ 5 

See Card 7 for definition of quantities 


4D15.6 


Additional Cards SAB and SAC are puncned in exactly the same manner 
as Card 5AA until the number of coordinate pairs equals NSFL(L) punched on 
Card SA. Do not include any unneeded (blank) cards. 


Card SB 

NELT(I), NODP(I), LHIT(I), LATT(I) 

where 

I = 1.5 IS the branch number 

NELT(I) Number of elements in Ith branch (NELT(I)<10) 


4(15) 






NODP (I) 
LHIT(I) 


LATT(I) 


Card 5BA 
where 


yB(I,J) 

ZB(I,J) 

ANB(I,J) 

HB(I,J) 



Node of main structure (in original numbering system) at which 
1th branch is attached. See figure on page 31. 

Determines whether or not branch can be impacted: 

LHIT(I)=0 No impact 

LHIT(I)=1 Impact 

Note; In the present CIVM-JET 4B program, a branch cannot 
be impacted; set LHIT(I)-0 for all branches. 

Determines where branch is to be attached. 

LATT(I)= -1 inner surface 

0 midsurface of the main structure 

1 outer surface 

ZB(I,J), ANB(I,J), -HB(I,J) 4D15.6 

(I = branch number, J = node number) . Nodes are to be 
numbered 1 to 10 where node 1 is the first node of a branch 
(not attachment point) . Node is on circumferent. I axis of 
branch. 

Y coordinate of node (inches) 

Z coordinate of node (inches) 

Tangent angle measured to Y axis (degrees); see an ,'le 0 of Fxg. 3. 
Thic)cness at node J 

Note: See Card 3A [ANG(1)J for sign convention used for ANB(I.J). 

Note: If a branch attaches to node 1 of a partial ring (it 

can not be attached to node 1 of a complete ring ) , the numbering 
starts with the branch node farthest away from the attachment point. 
Therefore, the (NELT+l) node is the attachment point. If the 
branch attaches to any other node of the primary structure, 
start numbering with the node immediately after the attachment 
point. Thus, node NELT -ill be the node farthest away from 
the attachment point. However, node (NELT+1) will always be 
the attachment-point node. Thus nodes 1 to NELT are always 
particular only to -the branch, and node (NELT+1) is the common 
node with the primary structure. The subroutine BRAN automatically 
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updates IK (the total number of elements), NS (number of nodes), 
and NI (D.O.F.). Therefore, the initial input (Cards 1-4 and 
6-14) is punched as though the branches did not exist. 

Cards 5BB, SBC, etc., are punched until ( nelT+ 1) nodes have been 
described. 

Card 5C 

NDISB IS 

where 

NDISB The number of elements in the branches having a discontinuity 

at their first node. (Do not count the discontinuities due 
to the attachment of the branch to the main structure.) 

If there are no discontinuities on the branches, set NDISB = 0 and go 
to Card SD. 

Card 5CA 

NEDIB, NBDI, ANGB 2I5,D15.6 

where 

NEDIB The element number (along a branch) at which the discontinuity 

occurs. 

NBDI The branch in which the element NEDIB is contained. 

ANGB The slope (degrees); See Card 3A (ANGd)) for sign convention 

used for ANGB, 

Cards SCB, SCC, etc. follow until the information for all NDISB branch 
slope-discontinuities has been given. 

Card 5D 

NBCONB 15 

where 

NBCONB The n'Jmber of boundary conditions applied only to the branches. 
(Total B.C.'s on structure £ 7) 

If Card 5D=0 go to Card 6. 




Card 5DA 

NBCB(I), NODBB(I), LBR(I) 4(315) 

—where 

I = 1, NBCONB 

NBCB(I) Type of boundary condition. See Card 14 for description. 
NODBB(I) The node number of the particular branch' on which the B.C. 

is being applied (see sketch prior to Card 5 description) . 
LBR(I) The branch number on which the B.C. is being applied (see 
sketch) . 

A total of seven boundary conditions is allowed, including the primary 
structure and all branches. Therefore, Card 5DB is punched if more than 4 
B.C.'s are to be applied to the branches. 


The cards grouped under the number 5 contain the complete description 
of all the branches (except for elastic restraints). These cards are nested 
branch by branch, such that a branch's material and geometric layout are 


completely described before starting the next branch. After all branches 
have been described, and the branch slope-discontinuity information has been 


given, then the boundary conditions are applied to all the branches. 


An example is given below for a main structure containing two branches, 
each of a different material, and five boundary conditions on the branches. 

For each material a throe sublayer model is used. The first branch contains 
two elements, while the second branch has three elements. The first has one 
slope-discontinuity, the second branch has none. The following list gives 
the card number (described in this section) in the order they would appear 


in the input deck: 
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Branch 1 


Card 5 
Card 5A 
Card 5AA 
Card SAB 
Card SB 
Card SBA 
Card SBB 
Card SBC 




go to top of 
next column - 


Card 5C 
Card 5CA 

f 

T 

Card 5D 
Card 5DA 
Card 5DB 


s 

> 

s 


Card 5A 
Card SAA 
Card SAB 
Card SB 
Card SBA 
Card SBB 
Card SBC 
Card 5BD 


N 


> 




Branch 2 


Slope 

Discontinuities 


Boundary Conditions 


Card 6 

DELTAT, DS(1), P (1) , NTOVR 3D15.6,I5 

where 

DELTAT The time step size, At (seconds) to be employed 

for the central difference time-wise integration operator. 

If the value of At is set equal to zero on this card, the 

program will compute the largest natural frequency, (i> , 

max 

of the corresponding linear system and will then choose a 

value of At = 0.8(2/oj ). If the user specifies a 

max max 

At > At , the DELTAT is reset to At ; 
max max 


NOTE: If the user specifies DELTAT = 0 then the user should establish MM, 

Ml, and M2 on Card 2 based on a At = 1 microsecond. The program will then 
adjust these cycle numbers to correspond to the internally generated DELTAT. 

DS(1)] The values of the constants D and p, respectively, used in 

P(l) I the strain-rate sensitivity formula for the main structure's 

material . 

NTOVR Override for automatic check of DELTAT. 

= BLANK DELTAT is checked. 

= 1 DELTAT is not checked. 
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Card 7AA 


SIG(1,1), EPS(2,1), SIG(2,1) 


4015. 6 


EPS(1,1) 


where 


-EPS (1,1) I 
SIG(1,1) j 


EPS(2,1) 

SIG(2,1) 


The first coordinate pair of strain, C, and stress, 0, 

curve of the main structure which is used to define the 

polygonal approximation of the stress-strain diagram. The 

stress-strain diagram from which these values (and those 

following) are obtained must be upwardly-convex v/ith non- 

2 

negative slopes; £(J,l)=in/in and 0(J, l)>»lb/in . 

The second coordinate pair of strain and stress in the main 
structure . 


Additional Cards 7AB and 7AC are punched in exactly the same manner 
as Card 7AA until the number of coordinate pairs equals NSPL(l) punched on 
Card 2. The total number of coordinate pairs must not exceed 5. -Do not- 
Include any unneeded (blank) cards. 


Card 8 

NOP, NASP 215 

where 

NOP Indicates the typie of strain output desired (given at 

inner and outer surface) 

=> 0 Average strain at each node 

= 1 Average strain at each node plus strain at each 

Gaussian station 

= 2 Average strain at each node plus strain at 
designated additional points 
= 3 Strain for all three of the above options 


NASP Number of additional strain points requested; NASP £ 59 

If NOP y 2 or 3, go to Card 9. 

Note: It is suggested that the user use N0P=1 or N0P=3 in order to 

obtain a complete set of strain output for a first run of a 
problem. NOP=0 or 2 can be used for additional runs of the 
same problem in order to reduce output costs. 

Card 8A 215,015.6 


N3BS(I) , 


NSEL(I), AZET(I) 
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where 


1=1, NASP 

NSBS(I) Number of the substructure on which the additional strain 
point is requested: NSBS = 1 main structure,, 

if NSBS > 1 the substructure is a branch whose number is 
(NSBS - 1) 

NSEL(I) The element along the NSBS substructure on which additional 

strain point is requested. No more than 10 additional strain 
points are allowed on any one clement. ~ 

AZET(I) The 8 coordinate of the additional strain point measured 

from the first node of the element (s is a fractional length 
(in/in) of the element itself) . 

Cards 8B, 8C, etc. are used until all the additional strain points 
have been described. 

Card 9AA 

FH(I), FCG(I), FCGX(I), PMASS(I), FMOI(I) 5D15.6 

Card 9AB 

WK(I) D15.6 

Card 9 AC 

UDOT(I), WDOT(I), ADOT(I), TPRIM(I), CR(I) 
where I = number of fragment. ^ 1 . ^ 

FH(I) The diameter of the circular disk model of the Ith fragment 

(inches) . 

FCG(I) The Z coordinate of the centroid of the Ith fragment before 
and at the time of its release. The positive direction 
represents a location above the global Y axis (inches) . 

FCGX(I) The Y coordinate of the centroid of the Ith fragment before 
and at the time of its release. The positive direction 
represents a location to the right of the global Z axis 
(inches) . 
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FMASS(I) 

FMOI(I) 

UNK(I) 

UDOT(I)- 


WDOT(I) 


ADOT(I) 
TP RIM (I) 


2 

The mass of the Ith fragment (lb-sec /In). 

2 

The mass moment of inertia of the 1th fragment (Ib-Sbr -In). 
Coefficient of friction between the Ith fragment and the 
ring inner surface. 

The velocity component of the Ith fragment parallel to the 
global Y axis before initial Impact (in/sec) . Positive 
UDOT(I) represents a fragment traveling to the right. 

The velocity component of the 1th fragment parallel to the 
global Z axis before initial impact. The positive direction 
denotes a fragment traveling in an upward (-fZ) direction 
{ in/sec) . 

The initial angular velocity of the Ith fragment (rad/sec) . 

Positive sign denotes counterclockwise rotation. 

Time (seconds) that the fragment is allowed to travel before 
program starts to track its location. One usage of TPRIM(I) 
allows fragments to be released after the first fragment 
has impacted and calculations have begun. 

The fragments should be ordered as follows to allow 
proper use of the TPRIM capability: Fragment 1 should be 

the fragment that will make first contact with the ring. 

Time zero is the time of release of this fragment. The 
second group of fragments includes all of the fragments that 
will be released before the first fragment impacts. The 
fragments can be placed in any order within their group. The 
third group contains those fragments released after the first 
fragment impacts; these must be ordered such that the first 
fragment to be released is first and so on within this group. 

TPRIM(l) = Time of impact of first fragment minus time of 
release. Since time of release of fragment one is equal to 0, TPRIM (1) 
equals time of first impact. Actually, TPRIM(l) must be less than 
the time of first impact to guarantee a proper impact solution. 

TPRIM(I) where I = 2, NF equals TPRIM(l) - Time of 
release of the Ith fragment. Thus, TPRIM, for those fragments 
released after the first fragment impacts, will be negative. 
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CR(I) Coefficient of restitution between the Ith fragment and the 

impacted ring inner surface; 0<CR£1, 1 for perfectly elastic, 
0 for perfectly inelastic, 0<CR<1 for intermediate* CR=1 is 
usually recommended. 

Cards 9BA, 9BB, 9BC, 9CA, 9CB, 9CC,... should follow (in blocks of 
three cards) until the information for all NF fragments has been completely 
specified. 


Card 10 

AXG(l), AXG(2), AXG(3) 


3025.16 


Card 11 

AWG(l), AWG(2), AWG(3) 

where 


3025.16 


AXG(I) ^ Vectors, of dimension NOGA, contain Gaussian quadrature 
AWG(I) J constants, and weights, W^, respectively, for the numerical 
evaluation of 


J -f (x) dx = Z 


The following data appear on Card 10, since N0GA=3: 
0.11270166537925850+00 0.50000000000000000+00 0.88729833462074150+00 
and the data 

0.27777777777777780+00 0.44444444444444440+00 0.27777777777777780+00 
on Card 11. 


Card 12A 

TXG(l), TXG(2), TXG(3) 


3025.16 


Card 12B 

TXG(4) 


3025.16 


Card 13A 

TWG(l), TWG(2), TWG(3) 


3025.16 


Card 13B 

TWG(4) 

Note: If NFL £ 3, Cards 12B and 13B are eliminated. 

If NFL > 4 the extra terms are added to Cards 12B and 13B. 


025.16 
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where 


TXG(I) Vectors, of dimension NFL, contain Gaussian quadrature 
-TWG(I) ^ constants, x^, and weights, W^, respectively, for the numerical 
Integration of 

J fMcix = Z 

-I 

If NFL=4, for example, then the following data appear on Cards 
12A, and 12B. 

-0.8611363115940530D+00 -0. 3399810435848560D+00 0. 3399810435848560D+00 
0. 86113631159405 30D+00 
and the data 

0.3478548451374540CH-00 0.6521451548625460CH-00 0.6521451548625460IX-00 

0.3478548451374540D+00 

appear on CArds 13A and 13B. 


Card 14A 

NBCOND 


15 


Card 14B 

NBC(l), NODEB(l) , NBC(2), NODEB (2). . . .NBC (4) , N0DEB(4) 1415 


where 


NBCOND 


NBC(l) 
NODEB (1) 

NBC (2) ] 

NODEB (2) J 


The number of prescribed displacement conditions to be 
specified on the main structure. The quantity NBCOND + NBCONB 
must not exceed 7. Note that the information on Card 14B 
corresponds to the original nodal numbering scheme for the 
main structure. 

The identification number and the node number, respectively, 
for which the first prescribed displacement condition is to 
be imposed. 

The second data group of the identification number and node 
number, respectively, for which the second prescribed dis- 
placement condition is to be imposed. 
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/ 

The appropriate form of the data group NBC(I) and NODEB(I) should be 
repeated NBCOND times. If NBCONDaQ, that means there is no prescribed dis- 
placement condition to be imposed on the main structure; then, skip to Card 15. 

The prescribed displacement condition identification number can be 
equal to 2 or 3, depending upon the type of the prescribed displacement 
condition. Its description follows: 


NBC(1)=2 Ideally clamped condition. Setting v, w, and ip at node 
KODEB(I) to zero. 

NBC(I)=3 Smoothly-hinged condition. Setting v and w at node NODEB(I) 
to zero. 

Card 15 

NOR, NORP, NORU 315 

where 

NOR Indicator, which if > 0 indicates that the structure is 

subjected to elastic restraints (point and/or distributed) . 

-NORP The number of point elastic restraints (elastic restoring 

springs) which are to be prescribed over the structure. This 
number must not exceed 4. 

NORU The number of local distributed elastic restraints (elastic 

foundations) which are to be prescribed over the structure. 
This number must not exceed 4. 

If there are no prescribed restraints on the structure, set NQR-O and 
let NORP and NORU be blank. 

Card 15A and Card 15B are included only if NQR > 0 in Card 15. If NORP=0, 
skip to Card 15B. 

Card 15A 

SCTP, SCTY, SCRP 3D15.6 
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Card 15AA 

NREL(l), REX(l), NREL(2), REX(2) ...NREL(4), BEX(4) 4(15, D15. 6) 

where 


SCTP The translational-tangential restoring spring elastic constant 


(Ib/in) . 

SCTY The translational- normal restoring spring elastic constant 

(Ib/in) . 

SCRP The torsional restoring spring elastic constant (in-lb/radian) . 

NREL(I) ] The element number and ttie length coordinate along the 
REX(I) J reference axis from node NREI.(I) of the element, respectively,' 
at which the Ith point elastic restraint is to be specified. 

(Note that the element numbers used here must be in the numbering system which 
the program generates internally for the entire system after branches have 
been added.) 


The data group NREL(I), REX(I) should be repeated NORP times. If 
NORU=0 in Card 15, omit Card 15B, and Card 16 follows directly. 


Card ISB 

SCTU, SCRU, SCTW 3D15.6 

where 

SCTU Elastic foundation modulus in translation along the tangential 

direction (Ib/in^) . 

SCRU Elastic foundation modulus in torsion (in-lb) /rad-in) . 

SCTW Elastic foundation modulus in translation along the normal 

2 

direction (Ib/in / . 


Card 15C 

NRST(I) , 

where 

NRST(l) I 
NREU(l) I 


NREU(I),.. . NRST(4), NREU(4) 815 

The first element and the number of elements, respectively, 
over which the first elastic foundation is to be specified 
(the first elastic foundation is distributed to element 
NRST(l), through and including element (NRST(1)+NREU(1)-1) . 
(Note that the element numbers used here must be in the 


numbering system which the program generates internally 
for the entire system after bran^'hes have been added.) 
NRST(2) I The first element and the number of elements over which the 
NREU(2) r second elastic foundation is to be specified. 

Data group NRST(I) and NREU(I) are repeated NORU times. 
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Card 16 


ICONT 15 

where 

ICONT Integer which If greater than 0 Indicates that this is a 

continuation run. In order to use this option, it is 
necessary to obtain the following continuation cards from a 
previously run job. To do this, set the variable MPU=1 at 
the beginning of the MAIN routine. This will cause the 
following set of data cards (16A through 16IA) to be punched. 
Wlien using this deck, set IC0NT=1 and use the same data cards 
as used before, except to change the values of MM and Ml on 
Card 2 . 

If ICONT=0, skip Card 16A - 161 and go to Card 17. 

If the indicator ICONT is greater than zero, the continuation deck 
produced from the output of the previous run follows immediately. The 
continuation deck contains the following information; 


Card 16A 


IT, TIME, IMCOU, TAII 2(15,020.13) 

where (L=l for main structure; L=2, NBR+1 for branches): 

IT The number of the time cycle at which the previous run had 

stopped, and is the beginning time cycle of the present 
continuation run. 

TIME The absolute time at which the previous run stopped, and 

is the beginning time of the present continuation run. 


IMCOU The number of impacts up to the end of the last run. 

TAII Time of initial impact. 


Card 16B 

IBIGA(L) , 
where (L=l for 
IBIGA 
ISTAA 
BIGA < 
BTIMA 
ISURA 


ISTAA (L), BIGA(L), BTIMA (L), ISURA (L) 
main structure; L=2, NBR+1 for branches): 

Information for maximum "additional-point 
their counterparts on Card IbC. 


strain" . 


215,2020.13,15 


Same as 
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I 

-I 


(315,2020.13) 


Card 16C 

IBIG(L)-, ISURF(L), ISTA(L), BIC(L), BTIME (L) 
where (L=*l for main structure; L“2, NBR+1 for branches): 

IBIG(L) The element number whose computed tensile strain exhibits 
the largest value during the previous run. 

ISURF(L) Equals 1 means largest computed tensile strain occurs on the 
inner surface; equals 2 means on the outer surface. 

ISTA(L) The Gaussian station at which the maximum strain occurred. 
BIC(L) The largest computed tensile strain during the previous run. 

BTIME (L) The time at which the largest computed tensile strain occurred 

during the previous run. 

Card 160 

IBI(L), ISUR(L), BI(L), BTIM(L) 
where (L=l for main structure; L=?, NBR+1 for branches) : 

IBI (L) 

ISUR(L) Information for maximum average nodal point strain. Same 
BI (L) as their counterparts on Card 16C. 

BTIM(L) 

Card 16E 

MIRP, TNJ(I), 

where 

NF 
MIRP 
TNJ(I) 


215,2020.13 


, , TNJ(NF) 


15,6012.5 


Card 16FA 

DISP(I) 

OISP(I) 


Number of fragments impacting structure. 

Number of next fragment waiting to be released. 

Indicates whether or not the Ith fragment has been released. 
TNJ(I)=0.0 not released 

TNJ(I)=1.0 released 

4020.13 

The displacement of the Ith degree of freedom at time cycle 
IT. Repeat cards until all degree-of-freedom displacements 
are specified with 4 different values/card. 

Card 16GA 

DELO(I) 4020.13 

DELO(I) The displacement increment change of the Ith degree-of-freedom 
of the structure at time cycle IT. Repeat c^rds until all 
degrees-of-freedom are included, with 4 different values/card. 

Card 16HA 

SNS(IR,J,K,L) 4020.13 

SNS(IR,J,K,L) The axial stress on the Lth mechanical sublayer at the 

Kth depthwise Gaussian point at the Jth spanwise Gaussian 
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station of the ZRth element at time cycle IT. Repeat cards 
until all values for the entire structure are included, with 
4 different valuca/card. 


Card 16IA 


F<''JU(J), FCGW(J), ALFA(J), UDOT(J), WDOT(J), ADOT(J) 4D20.13 


FCGU(J) 
FCGW(J) 
ALFA (J) 

UDOT(J) ' 

i 

WDOT(J) S 
ADOT(J) I 


The controidal position of the Jth fragment in the Y direction 

f 

at time cycle IT (inches). 

The centroidal position of the Jth fragment in the Z direction 
at time cycle IT (inc.ics) . 

The total angular displacement of the Jth fragment at time 
cycle XT (radians) . 

Fragment velocities at time cycle IT (in/scc); see Card 9AC 
for more details. 


J = 1,NF 


Card 17 

ICON 15 

where 

ICON Integer that controls the stopping of the entire program. 

= 0 The program will stop after all of the required print- 
outs are made for a particular run. 

= 1 The program will expect a new set of Cards 1-17 for 
another ring problem. 


4.2 Input for Special Cases of the General Stress-Strain Relations 

In the following, the specific input data for three special cases of 
the general elastic, strain-hardening constitutive relation handled by the 
computer program are given. Only the relevant data are noted. (L=l for main 
structure; L=2 to NBR+1 for the NBR branches): 
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1. Purely Elastic Case 

Set NSFL(L)«1 on Card 2 (Card 5A) and make EPS(1,L) and SIG(1,L) 
on^Card 7 (Card 5AA) sufficiently high so that no plastic deforma- 
tion occurs; for example, EPS(1,L)=1.0, SIG(1, l,)=E3(l,L) , where 
ES(1,L) equals the elastic (Young's) modulus. 

2 . Elastic, Perfectly-Plastic Case 

Set NSFL(L)=1 on Card 2 (Card 5A) and make EPS (1,L)=SIG(1,L)/ 

ES(1,L) on Card 7 (Card 5AA) . 

3. Elastic, Linear Strain-Hardening Case 

Set NSFI.(L)=2 on Card 2 (Card 5A) and set EPS(1,L)=SIG(1,L)/ES(1,U . 
Also EPS(2,L) and SIG(2,L) on Card 7 (Card 5AA) are taken sufficiently 
high in order to avoid plastic deformation in the second subflange. 

For example, EPS(2,L)=1.0, and SIG(2,L) = (1.0-EP3 (1,L) ) *ES (2 ,L) +SIG (l,L) , 
where ES(2,L) is the slope of the segment in the plastic range. 

4.3 Description of the Output 

The printed output be -ins with a partial reiteration of the program 
input which identifies the problem solved. This output includes information 
-on-initial— geometry , the nodal and element numbering system originally assigned 
by the user, the new updated nodal and element system generated internally in 
the program if branches are present, the branch attachment points, the ring 
material properties for the main structure and each branch, the ’ragment 
properties, the boundary conditions and elastic restraints that are input, 
the Gaussiat stations and weights used in the program, tne lumped mass matrix 
and the element arc lengths, the time step used in the program and the maximum 
permitted time step, and the effective lengths associatea with the main 
structure and the branches. (NOTE: If override option is used, the p: eg ram 

will calculate a maximum lit value and print this out. However, the At used 
in the program calciilation will be the user-sp-jcif ied At regardless of its 
value.) Example outputs are presented in Section 6. After initial printout 
has been completed, the following information is printed out (assume NOP=3 
here) after cycle Ml has been completed, and at e' erv P.2 cycles thereafter 
(see Subsection 4.1, Card 2): 
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WORK AND ENERGY TO END OF TIME- CYCLE IT - -TIME » 

FRAGMENT KINETIC ENERGY 

IIT] [CINETF(II)] 

[RWORK] 
ICINETO] 
[CEIAS) 
[PLAST] 
[SPDEN] 


WORK INPUT INTO RING 
RING KINETIC ENERGY 
RING ELASTIC ENERGY 
RING PLASTIC WORK 

ENERGY STORED IN ELASTIC RESTRAINTS 


CYCLE = IIT] 

ELEMENT SI STAl SO SI STA2 SO SI STA3 SO 
1 
2 
3 


CYCLE = [IT] 

STRAIN AT ADDITIONAL POINTS SI SO El EO 

1 
2 
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J =. (IT) TIME = ITIME] 

1 V W PSr CHI COPY COPZ L M STRAIN (IN) 
1 

2 
3 


FRAG NO. FCGU FCGW ALFA FRUV FRWV FRAV 

1 
2 


SUBSTRUCTURE MSTR ELE TIME STA 

1 
2 

• 

SUBSTRUCTURE LARGEST ADD. FT. STRAIN ’ ELEM ADD. PT 

1 
2 

• 

SUBSTRUCTURE LARGEST NODAL STRAIN NODE SURF 

1 
2 

where 

IT = Cycle number 

TIME = Elapsed time corresponding to the end of cycle IT (sec.) 

II = Fragment number II = 1,NF 
CINETF(II) = The current value of the kinetic energy remaining in 
II (in-lb) . 


STRAIN (OUT) 


TIME 


TIME 


fragment 
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■rwork 


ClfJKTO 


BLAST 


PLAST 

SPDEN 


SI 
SO 
STAl 
STA2 p, 
STA3 , 

El 

EO . 


= Total work Imparted to the structural ring up to the present 
time by fragmc’nt Impact (in- lb) . 

= The current value of kinetic energy present in the structural 
ring* (includes both the rigid body and the relative kinetic 
energies) (in-lb) . 

= Total elastic strain energy stored in the entire structural 
ring at the present time instant (in-lb) . 

« Total plastic work * done on the structural ring (mechanical 
work dissipated during plastic flow) (in-lb). 

=• Total energy stored in the elastically-restoring springs and/ 
or the elastic foundations at the current tine Instant (in- lb) , 
if the presence of clastic it..traints is specified. 

= Strain at the inner surface of the ring 

= Strain at the outer surface of the ring 

s Spanwisc Gaussian Station at which strain was calculated 

= Relative elongation at inner or outer surface, respectively, 
at the additional strain-points; obtained from Ej^=/i+2y^ - 1. 


It should be noted that the rigid body part of the kinetic energy, which is 
use! to accelerate the "rigid body" mass of the structure, can be extracted 
and identified separately. However, for the present program dealing with 
r.itli.'r general structural geometries and with various support/restraint 
conditions, it would be very unwieldy (but not impossible) to identify these' 
separate kinetic energies; hence, the total kinetic energy is calculated 
and printed out. 

**The plastic work done on the ring is estimated by subtracting the sum of the 
elastic and kinetic energies present in the ring from the total input energy 
Mue to the fragment impact; i.e., RWORK=CINETO+ELAST+PLAST+S?DEN. It should 
be mentioned that the approximate nature of this numerical calculation will 
sometimes yield impossible results such as negative values of plastic work or 
values greater than zero when the ring has not yet reached a plastic condition; 
thus, the value of plastic work should be considered only approximate, and 
spurious results as noted above should be ignored. This form may also be 
considered to contain, in addition, the energy dissipated by friction. 
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» Node number. For a partial ring, the value of the total 
number of nodes equals the value of the total number of 
elements plus one. For— a-complete ring, the value of the 
total number of nodes equals the value of the total number 
of elements. 

V e The middle plane axial displacement at node I (in) . 

W *! The middle plane transverse displacement at node I (in). 

PSI = The generalized nodal displacement ill = (3v/3n) - v/R at 

node I (rad) . 

CHI = The generalized nodal displacement x ■ (3v/3n) + w/R at 

node I (rad) . 

COPY = The Y-location of node I in the global (inertial) coordinate 
system (in) . 

COPZ = The Z- location of node I in the global coordinate system (in). 

L = Axial internal force resultant over the cross section at the 

midspan point of element I (lb) . 

M = Internal bending moment of the cross section at the midspan 

point of element I (in-lb). 

STRAIN (IN) = Average strain on the inner surface at node I.* 

STRAIN (OUT) = Average strain on the outer surface at node I.* 

FCCU = Global Y coordinate of the centroid of the fragment at the 
current time instant (in) . 

FCGW = Global Z coordinate of the centroid of the fragment at the 
current time insteint (in) . 

ALFA = Angular rotation of the fragment to the current time instant 
(rad) . 

FRUV = The current velocity component of the fragment in the Y 
direction (in/sec) . 

FRWV = The current velocity component of the fragment in the Z 
direction (in/sec). 

FPAV = The current angular velocity of the fragment (rad/sec) . 
Positive sign denotes counter-clockwise rotation. 


At nodes on the main structure where a branch connection occurs, the contrib-,- 
tion of strain frsm the branch is not included in the nodal averaging process. 
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SUBSTRUCTURE = The portion of the ring being considered. 

1 <* main structure 

2 “ 1st branch 
- 3 *> 2nd branch 


MSTR Maximum strain on the substructure at a Gaussian station. 

ELE = Element on which max. tension strain occurred, 

TIME = Time at which max. tension strain occurred, 

STA = Gaussian station at which max. tension strain occurred on element ELE. 

NODE = Node at which largest average value of tension strain occurred , 

ELEM = Element on which largest value of tension strain occurred 
at an additional strain point. 

ADD. PT. = Additional Point Number 

TIME = Time at which the max. tension strain occurred 
Note! Checks for largest average nodal strain and largest additional-point 

strain are made only at print out cycles. Check for largest Gaussian- 
stdtion strain is made at each ’ cycle. 

In addition to the above information which is printed out at each 
desired time cycle, whenever there is an impact the ‘ following information 
is printed out: 


THIS IS IMPACT NUMBER IMJ TIME = IT = FRAGMENT NO. = {JFl 
ELEM;NT no. = [LNTMIN] LOCATION ON ELEM = [RPC] 


where 


M 


TIME 

IT 

JF 

LNTMIN 

RPC 


= The number of the impact (total number of impacts up until 
that time) 

= The time of contact between fragment and ring 
= Cycle during which impact takes place 
= Fragment involved in this collision 

= Element (on main structure) involved in the collision 
= Fraction of the element length from the point of ring- 

fragment contact to the first node of the impacted element. 
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At the conclusion of the run/ a final update of the maximum strain 
occurring on each substructure (main structure and each branch) and for the 
additional strain points on the main structure and each branch is printed 
out. Also/ a note as to whether or not continuation cards were punched is 
made. 


4.4 Guides and Restrictions for Code Usage 
4.4.1 General Instructions 

The CIVM-JET 4B computer code is capable of handling a wide 
variety of transient, large-deflection structural response problems involv- 
ing impact-induced loading. This capability is beneficial to the user since 
it is contained in one computer program; however, it can be unnecessarily 
costly to run the program if all of the options included are carried along 
but arc not being used. 

In order to save storage locations and therefore save computer 
costs on each run, several subroutines can be removed when they are not used 
during that particular job submittal. 

The following is a list of subroutines which must be included in 
every run of the CIVM-JET 4B program: 


1. 

MAIN 

9. 

IDENT 

16. 

STRESS 

2. 

AS SEE 

10. 

IMPACT 

17. 

TCONT 

3. 

ASSEM 

11. 

IMPCTE 

IS. 

UPDATE 

4. 

CUBIC 

12. 

MINV 



5. 

EU-IPP 

13. 

PENTRN 



6, 

ENERGY 

14. 

PRINT 



7. 

ERC 

15. 

ROOT4 



8. 

FICOL 






The remaining subroutines: BRAN, DINIT, OMULT, QREM, ROTAT, and 

TSTEP may be left out depending upon the type of problem being solved. 

Subroutine TSTEP may be optional when the user desires. If the 
user inputs a time-step and does not wish this time stop to be checked by 
the CIVM-JET 4B program, the user merely omits including the TSTEP subroutine, 
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and only inputs the following three cards instead of TSTE P.* 

SUBROUTINE TSTEP (KLOW, NDEX, NIRREG, DELTAT) 

RETURN 

END 

In like manner, if the user- docs not wish to apply any branches 
to the main structure, the BKAN subroutine becomes optional. If no brcinches 
arc used, BRAN is input as follows: 

SUBROUTINE BRAN (NBR) 

RETURN 

END 

Thus, for any subroutine that is not being used for a particular 
run, just submit the first card of the subroutine (the name card) and the 
RETURN and END cards. This will save the user input costs, compilation costs, 
and storage costs. The same procedure is used for QREM if no elastic restraints 
are defined, for ROTAT if no branches or slope discontinuities are used, for 
DINIT if continuation cards are being used for input, or for OMULT only if 
TSTEP and- QREM arc also loft out. 

4.4.2 Use of Branches vs. Use of Discontinuities 

In the present CIVM-JET 4B program, both branches attached to and 
slope-discontinuities in the main structure can be, accommodated. Because of 
the way in which these two features are handled in the program logic and, in 
particular, for determining ring-fragment collision, certain general guidelines 
should be followed by the user for more efficient ur of the computer code. 

The dominant consideration involves the determination of ring- 
fragment collision. In the present code, impact on a branch is not accommodated, 
so that if branch impact is an important consideration for a particular problem, 
then the slope-discontinuity option must be used in place of the branch option, 
thus identifying this region not as a branch but as a part of the mam 
structure. Note, however, that in all cases wliere three elements are to be 
connected at a single nodal point (such as in the case of a branch at the 
midspan of a bean), one of the elements must be defined as a branch. In general. 


Because the Central Difference Operator is conditionally stable, the use of 
subroutine TSTEP is recommended for the first run of a given structural 
geometry and finite-element mesh arrangement to insure that a stable At will 
be used in the timewise solution. 
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at any node where three elements are joined, one of these elements (end all 
subsequent elements in that portion of the structure) must be defined as 
branch elements. However, two branches may not start at the same node of the 
main structure. 

During each increment in. time, At, a collision inspection is 
carried out for each element on the main structure for each of the N fragments 
considered, but no collision inspection is carried out for elements defined 
as branch elements. This fact can be used to reduce the total computation 
time; if the user knows a priori that no collisions will occur in certain 
regions of the structure, then those regions should be defined as branches 
wherever possible (note that branches cannot be specified to be attached to 
another branch) . 

As noted in Section 2, the positive n direction must be chosen 
in such a way that the outward normal for each element is directed toward 
the outside of the structure, where the fragments are considered to be in 
the inside of the structure. In some special (but plausible) cases, the 
outside region of a portion of the structure may overlap with the inside 
region of another portion of the structure cither in the initial structural 
configuration or after some deformation of the structure has occurred, within 
the current collision inspection program logic, such overlapping regions 
cannot be accommodated. Consider the following initial structural configura- 
tions 



fragment 




( 


with the positive normal directions N as shown (and considering the entire 
structure as a main structure, using the slope-discontinuity option) , the 
outside regions of segments 1-2 and 3-4 would overlap with the inside region 
of segment 2-3. To accommodate such a configuration, segments 1-2 and 3-4 
must be defined as- branchos so that no collision inspection is performed 
for those segments. Consider now the following Initial structural configura- 
tion: 



For the initial configuration (solid lines), no inside-outside overlapping 
occurs. However, after deformation of segment 2-3 (dashed lino, assuming 
fragment impact is as depicted above) , the outside regions of segments 1-2 
and 3-4 will overlap with the inside region of segment 2-3. Again, in this 
case, segments 1-2 and 3-4 must be defined as branches. 

4.4.3 Impact at or Near a Constrained Node 

In the present CIVM-JET 4B program, the case of fragment impact 
on or near a constrained node is handled in an approximate fashion. The 
nature of this approximation is discussed briefly here as a guide to the 
user in interpreting results when impact occurs on or near a constrained 
node . 

The assumption used is as follows: when impact occurs near a 

constrained node, the only nodes which can respond with impact- induced 
velocity changes arc those nodes which lie within the impact-af fected region 
and which are located on the i.mpacted side of the constrained nods. In 


56 






I 


essence, no impact-induced information is allowed to propagate past the 
constrained node (for the purpose of impact corrections), and a portion of 
the impact-induced impulse is "absorbed" by the constraint. Although no 
impact-induced information is allowed- to-propagate past the constrained 
node for the purpose of impact-induced velocity, the impact- induced informa- 
tion will filter through the constrained node in the global timewise solution, 
if the constrained node is smoothly hinged. If the node is ideally clamped, 
no impact- induced information will filter past the constrained node in the 
global timewise solution. It should also be noted that as the point of 
ring-fragment impact approaches the censtrained node, the impact- induced 
ring response approaches zero; when impact occurs directly on a constrained 
node, the fragment simply rebounds and no impact-induced structural response 
occurs. 

For a moro thorough discussion of this topic, the reader is 
referred to Appendix A. 

4.4.4 Comments on Strain Calculation and Mesh Sizing 

In the present CIVM-JET4B program, options are available wliich allow 
the user to obtain strain printout at the spanwise Gaussian stations (which 
includes the element midspan location), and/or at additional points on the 
structure specified by the user. Nodal average strains are given automatically 
at each regular printout cycle. This-.flexibility can be of great value to the 
user, but certain precautions should be taken by the user in interpreting the 
strain results. 

The strain-displacement relation employed in the present curved 
beam elements is given by Eq. A. 12. An examination of this equation shows 
that nonlinear terms are included only in the membrane behavior, and only 
linear terms are included in the bending behavior. Thus, the membrane non- 
linearities have been assumed to be more significant than the bending non- 
linearitios. The calculated distribution of strain may be quite different from 
element to element, and the strain distribution within each element will, in 
general, not bo the same as the "exact” distribution. This behavior corresponds 
to the fact that in the present f inite-elenent model the predicted strain dis- 
tribution approximates the actual strain distribution in an average (intoqral) 
sense, and not in a pointvise sense. Although the calculated distribution ma^ 
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be the same as the "exact" distribution at some points within the element, the 
choice of a "best" point (or points) for strain evaluation within an element Is 
not obvious. The choice of v,w,ip, and x ^s generalized nodal parameters assures 
niombranc strain continuity at the nodes, but in general the bending strain will 
not bo continuous at the nodes; thus, the predicted strains at the inner and 
outer surface of an element will not, in general, be continuous at the nodes. 

Because of these facts, certain precautions should be taken by the 
user when assessing strain distributions in space and/or time. If detailed 
strain distributions arc required over a portion of the structure at a particular 
time instant, it is suggested that several printout points be chosen in each 
clement (o.g. Gaussian stations and nodal averaged points) In the region of 
interest. When these calculated values are plotted, the analyst can then make 
a reasonable "faired" estimate of the "proper" distribution. It should be noted 
that severe strain gradients within an element do not necessarily indicate poor 
behavior of the solution; however, it is in these regions where the analyst must 
exereisG the greatest caution in making a reasonable faired estimate of the 
proper distribution. Although not conclusive, experience to date with the 
present CIVM-JET4D computer code suggests that those regions of predicted 
severe strain gradients are most often observed near clamped boundaries and may 
bo found near the region of ring-fragment impact. 

If strain timo-history information is rcguired at various points 
on the structure, those points can be specified as additional strain points and 
the time histories may be obtained directly. In addition, it is recommended 
that spatial distributions near those points of interest be obtained at several 
time instants to assess whether or not the strain at the point of interest is 
in reasonable agreement with the curve-fitted (or faired) distribution in that 
region of the structure. If these steps are followed, a reasonable engineering 
assessment of strain information should be obtained. 

The equations in Appendix A have been developed within the assumption 
of large deflections but small strains. Thus, reliable results may not be obtained 
in localized regions where largo strains are predicted. However, the actual 
strain level at which the "small strain" assumption becomes invalid is not known. 
Thus, the limitations of the present analysis, for practical engineering problems, 
cannot be clearly stated; further study of the limitations of the present analysis 
versus appropriate well-defined experimental data is required. In the future 
It IS recommended that models which can accommodate arbitrarily large strain be 
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developed for both two-dimensional (planar) and three-dimensional (non-planar) 
deformations. Tn the meantime, however, it is believed that the capabilities 
of the present CIVM-JET 4B analysis and program can i^rovido useful engineering 
estimates. 

In the present CIVM-JET 4B program, considerable flexibility is 

given to the user in terms of defining the size and number of elements to be 

used for a particular structural geometry. However, certain guidelines should 

be followed in the selection of a finite-element mesh for the present impact 

analysis. It is recommended that a uniform mesh be employed for all analyses, 

the only exception being in regions where structural detail dictates the use 

of nonuniform elements. Clearly this recommendation is justified for the 

general case where the point of initial (and subsequent) Impact is not )cnown 

a priori. Now consider the special (limiting) case where It Is known a priori 

that all ring-fragment impacts will occur at (approximately) the same point on 

the structure (e.g. Initially straight, uniform thic)*.noss, doubly clamped beam 

with the only nonzero component of the fragment velocity being normal to the 

beam midsurface, and initial impact occurring at the midspan of the beam) . A 

uniform mush is again recommended for this special case, based on the following 

considerations. The impact effected length,’ L ,,, is directly related to the 

r? eft 

size of the time stop (i.o. ~VP when using the central difference 

operator the allowable time stop. At, is inversely related to the highest natural 

frequency, oj , of the assembled-structure. -If the element size in the region 
max 

of impact is decreased, then u) is increased and At and, thus, L are decreased. 

max eff 

In the limit, as the element size is decreased, the impact- induced "loading" will 
become concentrated at the point of impact and unreasonably high strain predictions 
may be found near this region of concentrated loading. It is believed (based on 
experience to date with the present CIVM-JET 4B program) that the choice of a 
uniform mesh for this case will yield the most reliable predictions. 
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COMPLETE FORTRAN-IV_LISTIHG OF THE 
CIVM-JET 4B PROGRAM 


The 

CIVM-JET 4fl program consists of 

the following main 

program and 

subroutines: 





1. 

MAIN 





2. 

ASSEF 

10. 

FICOL 

17. 

PRINT 

3. 

ASSEM 

11. 

IDENT 

18. 

QREM 

4. 

BRAN 

12. 

IMPACT 

19. 

ROOT4 

5. 

CUBIC 

13. 

IMPCTE 

20, 

ROTAT 

6. 

DINIT 

14. 

MINV 

21. 

STRESS 

7. 

-ELMPP 

15. 

OMULT 

22. 

TCONT 

8. 

ENERGY 

16. 

PENTRN 

23. 

TSTEP 

9. 

ERC 



24. 

UPDATE 

The 

program 

is written in i 

double precision arithmetic. 

A complete 

FORTRAN IV 

listing 

of the program 

is given 

below in the above 

order. The 


number of memory locations required on the IBM 370/168 computer at MIT is 
approximately 415,000 bytes; this includes locations for the MIT computer 
library subroutines. 
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Y(I)= YB(1,I) BBAMIOBO 
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SECTION 6 


ILLUSTRATIVE EXAMPLES 


The following two examples are presented to assist the user In checking 
the adaptation of CIVM-JET 4B to his computer facility. 

6.1 A Variable-Thickness, Partial Ring — Includes Branches, Slope Discontinu- 
ities, and an Elastic Foundation 

6.1.1 Problem Description 

The geometry of the main structure, as shown In Fiq. 9, is a partial 
ring composed of an ini tially-stralght portion and a circular portion. The 
straight section is 10.0 in long, 1.5 in wide, and varies linearly in thick' 
ness from 0.3 In at its pinned end to 0.1 in whore it joins the circular por- 
tion. The circular section has a 5.0 in mean radius, a 1.5 in width, a 0.1 in 
uniform thickness, and consists of a 60° arc. The partial ring is supported 
by a pinned jo nt at its left-hand end, a branch connected at the straight- 
circular junci ion, and an elastic foundation located as depicted in Fig. 9a. 

This foundation consists of arbitrarily chosen normal k^ and tangential k^ 
stiffness equal to 1500 psi and 3000 psi, respectively. 

The "main structure" of the partial ring is called substructure 
one (1) and is assumed to consist of aluminum material with a yield stress of 

46,000 psi, an elastic modulus of 10^ psi, and is represented by a two- 

mechanical- sublayer model defined by the following stress-strain (0,c) 
pairs: cr ,C. = 46,000 psi, .0046 and 0 ,c = 58,000 psx, 0.18000. The 

strain-rate constants were chosen to be D = 6500 sec and P = 4. The mass 

-3 2 4 

density is 0.25 x 10 (lb-sec )/in . 

The branch (termed substructure 2) is a steel structure 1.0 in 

wide, 2.23607 in long, and has a constant thickness of 0.4 in. The branch has 

a slope discontinuity between its two equal-length elements. The branch 
attaches to the outer surface ot the main structure at the eleventh node of 
the ring and is clamped at its other end. The branch material is represented 
by a three-mechanical-sublayer model defined by “ 80,950 psi, .00279; 

= 105,300 psi, .02250; and = 121,000 psi, .20000 (with an elastic 
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modulus of 29 x 10^ psi and a yield stress of 80,950 psl) , The strain rate 
constants for the branch are 0 ■ 40.4 sec ^ and P ■ 5, with a mass density of 
0.733085 X 10“^ (lb-sec^) /in'*. 

The varlablo-thicknoss straight portion of the structure is 
modeled by 10 equal-length finite ciementsj 6 equal-arc finite elements repre- 
Sei.t the constant thickness curved section; and 2 equal- length elements rciire- 
aent the constant thickness branch. This makes a total of 18 finite elements 
used for the entire structure. 

The elements of the main structure are initially numbered consecu- 
tively from 1 to 16, and the branch elements are Initially numbered from 1 to 
2; this is depicted in Fig. 9b. The program will then renumber the elements 
from left to right to include the branch elements in the global system; the 
resulting renumbering is shown in Fig. 9c. 

The attacking fragment has the following parameters (see Fig. 9a) : 
radius r. = 0.5 in, mass m, = .335610 x 10 ^ ( Ib-sec^/in ) ; mass moment of 

‘ ‘-4 2 

inertial 1^ = 0.482014 x 10 (lb-sec -in); initial translational velocity 

components: » 2607.96 in/sec, => 1482.75 in/s )c; initial rotational 

velocity 9. = 0.0; initial C.C. position Y__ ■ 6.0 in, Z„__ = -2.0 in. The 
Z CG CC 

value of the coefficient of restitution, e, is set at 1.0 to represent a 
perfoctly-elastic impact reaction, and the coefficient of friction is set to 

0 . 0 . 

""ho strain is to be calculated at each «,r the three spar.wise 
Gaussian stations and each node of the main structure and the branch. 

Also, 3 additional point's at whici. strain predictions are desired are 
requested. Two of these are on main structural elements 9 and 11; the 
point on element 9 is located near the point of first impact and the point 
On element 11 is located near the branch connection (s coordinates 0.53 
and 0.05, respectively). The additional strain point on tne branch is located 
at s = 0.50 of the first element. This corresponds to the same location as 
the second Gaussian station on this element. Ttie strains should be exactly 
the same at this point since both the Gaussian station a 3 the additional 
point are at the same physical location. 

The CIVM-JET 4B program will be used to calculate the structural 
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response of the ring and the motion of the fragment, using a time step of 1 
microsecond. Printout of structural responses and fragment position data are 
des’ -ed at intervals of every 40 cycles until 600 cycles have been completed. 


6.1.2 

Input Data 

The values to be punched on the data cards are as follows: 

FORMAT 

Card 1 

3D15.6 

B(l) 

- 0.150000D+01 

DENS(l) 

- 0.250000D-03 

EXANG 

■ 0. 360000D+02 (partial ring) 

(arbitrary value; EXANG ^ 360.0 for partial ring) 

Card 2 

815,015.6 

IK 

- 16 

NOGA 

- 3 

NFL 

a 4 

NSFL(l) 

■ 2 

MM 

- 1580 

Ml 

- 780 

M2 

1 

o 

NF 

- 1 

TIMF 

= 0.158000D-02 

Card 3A 

4D15.6 

Y(l) 

= 0.0 

Z(l) 

= 0.0 

ANG(l) 

= 0.0 

H(l) 

= 0.3 



Additional cards are provided until all 17 nodal stations of the 
main structure are described. 
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1 


1 


1 


1 


4D15.6 


iTl U - 0.105000CH02 
- O.XOOOOOD+01 

^ a a 1 ) • 0.6343490+02 

^ ' . .«rtnntlD+00 


°°d. 6BB .« 

Additional ca attachment 


^BBtl<3i 

ZB(1» 3) 

rNB(1,3^ 

HB(1*3^ 

. 0.1000000+02 

a 0.0 

a 0.6343490+02 
a 0.4000000+00 

15 

Card 5C 

HOlSB 

« 1 

215, 015 

card 5Cft 
nedib 
bbdi 
ANGB 

a 2 
«* 1 

a 0-2656510+02 

15 

card 50 


4(315) 


NBCOND 


Card 50ft 

nbcbU) * ^ 

NOOBB(l) “ 2 303.5.6,15 


Card 6 

DELTAT 

DSU^ 

P(l) 

flTOVR 


a O.lOOOOOD-05 
a 0.6500000+04 

a 0.4000000+01 
a BLAN^ 
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Card 7AA 


4D15.6 


EPS (1,1) 
SIG(1,1) 
EPS (2,1) 
SIG(2, 1) 

Card 8 
NOP 
NASP 

Card 8A 

NSBS(l) 

NSEL(l) 

AZET(l) 


- 0.460000D-02 

- 0.460000D+05 

- O.lSOOOOD-fOO 
■» 0.580000D+05 

“ 3 

- 3 

- 1 

- 9 

- 0.530000D+00 


215 


215, D15.6 


Additional cards are punched until all 3 additional strain points 
are described. 


NSBS(3) 

NSEL(3) 

A7.ET(3) 

Card 9AA 
FH(1) 
FCG(l) 
FCGX(l) 
FMASS(l) 
FMOI (1) 

Card 9AB 
UNK(l) 


“ 1 
=■ 11 

« 0.500000D-01 

= O.IOOOOOIHOI 
= - 0 . 2000000+01 
= 0.600000D+01 
= 0.3856100+01 
= 0.4820140-04 

= 0.0 


5015.6 


D15.6 


Card 9 AC 
UDOT(L) 
WDOT(l) 
AOOT(l) 


= 0.2607960+04 
= 0.1482750+04 
= 0.0 


5D15.6 
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» 




TPRIM(l) - 0.960000E>-03 

CR(1) - O.lOOOOOD+01 

Card 10 

AXG(l) - 0.1127016653792585D+00 

AXG(2) - 0.5000000000000000D+00 

AXG(3) = 0.8872983346207415D+00 

Card 11 

AWGU) «• 2.777777777777778D+00 

AWG(2) ° 0.444444444444444O+00 

AWG(3) “ 0.^777777777777780+00 

Card 12A 

TXG(l) - -0.8611363115940539D+00 

TXG{2) = -0.3399810435848560D+00 

TXG(3) = 0.3399810435848560D+00 

Card 12B 

TXG(4) “ 0.8611363115940530D+00 
Card 13A 

TWG(l) = 0.34785484513745400+00 

TWG(2) = 0.65214515486254600+00 

TWG(3) = 0.65214515486254600+00 

Card 13B 

TWC{4) = 0. 34785484513745400+00 

Card 14A 

NBCOND = 1 

Card 14B 

NBC(l) = 3 
NODES (1) = 1 


3025. 16 


3025.16 


3025.16 


025.16 


3025.16 


025.16 


15 


1415 
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315 


Card 15 


NQR 

- 2 

NORP 

- 0 

NORU 

- 2 

• 

Ship Card 15A and go to Card 15B 

Card 15B 

SCTU 

0.300000D+04 

SCRU 

- 0.0 

SCTW 

- 0.150000D+04 

Card 15C 


NRST ( 1 ) 

= 9 

NREU(l) 

- 2 

NRST (2) 

“ 13 

NREU(2) 

“ 3 


Card 16 

ICONT = 0 

Skip to Card 17 


3D15.6 


815 


15 


Card 17 15 

ICON = 1 

Note: Setting ICON = 1 causes the program to search for another 

complete set (Cards 1-17) of data cards. In this case the data cards for 
example number 2 (described in Section 6.2.1) followed immediately after 
the data cards for example number 1 and both problems were run during the 
same computer submittal. If ICON = 0 the job will terminate. 
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6.1.3 Solution Output 

The following la the cutput obtained as a result of the CIVM-JET 4B 
analysis of this partial ring exr.mple. 

The numbering system for the nodes and elements is listed as well 
as an identification of the branch attachment point and the slopes at the 
branch connection and- at the slope discontinuity. The partial ring initial 
geometry, boundary conditions, and elastic foundations are defined as well as 
all the necessary data pertaining to the Impacting fragment. A "maximum 
allowable" time step is computed and the user generated time step is checked 
against this. 

Each impact is recorded (there are 7 impacts during this run) 
and the essential data concerning element number, fragment number, time, and 
location are output. For each printout cycle, an update of each nodal position, 
the fragment position, the strains at each Gaussian point, each node, and each 
additional strain point is given. 

Initial impact occurs on element 9 at 967.796 microsecond after 
fragment release. During this computer run the maximum strain roaches 5.79% 
on the main structure and only 1.28% on the branch. 

Note that for conciseness only a portion of the requested output 
is presented here. Included are: all initial problem data, printout at time 

cycles 980, 1020, 1060, 1100, 1140, 1180, ... skip to 1540, 1580 (last); a 
record of all impacts occurring up to time cycle 1580 is retained. 


isi 



Tllli't: AMf 19 tLUtWn A«t' 19 $ 0 Lc 3 

THtn »»n 1 PMAkriixa 'mu tiii'i a»s *r mists 


11 


TUi liLuCAL ULI)PK(:uii) AT PACK UmiCii L(J««EC11k!J: 1. 1 1 07 ISC *01 

THE ATTAr'HfltllT POIHT CObt Pbh ThI I UKAjCiIIS I 7 tS PULLOkS; 

1 


pePSB'IT PL!H. «C. 

• UOLt 

80022 

;»ubMRSCTu;K 

SUPST. ELEN. 

1 

1 

2 

1 

1 

2 

2 

J 

1 

2 

J 

J 

9 

1 

i 

« 

« 

s 

1 

9 

i 

S 

6 

1 

5 

6 

6 

7 

1 

6 

7 

7 

8 

1 

7 

8 

d 

4 

1 

a 

9 

9 

10 

t 

9 

-10 

10 

II 

t 

to 

11 

11 

12 

2 

1 

12 

12 

1J 

2 

2 

tJ 

11 

19 

1 

11 

IK 

19 

IS 

t 

12 

IS 

IS 

16 

t 

*1 

16 

16 

17 

1 

19 

17 

17 

18 

1 

IS 

18 

18 

19 

1 

16 

TUP H.’OATSD HOO; 

HIlIjr.HS POH TIK PAlk 


Tl.ltk UatOlHAL 

1 2 1 

9 S 

6 7 

a 4 fo 11 

19 IS 16 

HOTt! THE ILSHtHP HOtlDrSS 
PtllUHTO THAT CA9 HtiT BS IH 

KKPriiit: Tu 
.'ACT AC: 

BILCH AU Pit*S^*tT 

EllHIkT lOflBEBS 

11 12 0 

0 0 

0 0 

V 0 0 


U 0 0 

J 0 

0 e 

0 0 


AUDI •tCIAt '.TRAI H 
1 
2 
I 


MEHEPT 

9 

1 1 
13 

S CcCb92«AT* 
O.!»C0lvOt>-01 



17 


18 19 


EACH Of THE fotto^iMr; suintjNfj Has t s^ope rikjiTr at it- pi*3t sooe 

12 


THl GtnBAL -iLOPE (lAU.l AT CACH OIXOTTIPOITI E,*>AI.S: 
0. iSlbUSU'Oa 


182 



t>*UTIlL mill. •«C|VR*JI’T «b«* CONTtlk^tkT ««4LI3ti 

itte frorr.MTtM 


Btintn fMOP^DTlrS ur DAtll STkUCTUOf «mi< 

Of M 0 . I^OOOOtfOt 

SCssiTf Of ItfS • a.2S0l,0Ub-0] 

Cf -Lr.lCliTa • Ik 

JJUj.ll II* b‘l. 1 . 1 ^* UtUSitA* *ts, • J 

iiL.i.ii|i r* u.uri.lss Okui'.tkn ms. • • 

O' a'oiiA'ickL suuLkfiat > 2 


OS fOk sr.lltk HATS 
P fOA STAAIA HATH 

iiTAAlA (1) • a.UbOOOOO-02 STAtSS|1) 


O.biObOCO'S* 

V.UCOCOOO'OI 

O.kbOOOOO'OS 


STPAIS (2) « 0. tbCOOOlXCO STTCSS(2) 


e.ssooooc'os 


BAT'IIUL PSOPSfTirS Of lulAACH bOHBtS 1 kit AS POUOiSt 

AlOta ur AlA'Wli) • U. lOOtiOOO'SI 

et'^irr of mho • o.T)jchoo-d) 

ti'. 1 . 1 *. r.r ft2i:iT3 • 2 

II' SPAi.'.ib' cAusstAi ri<. • j 

AU.1UA n* O.PTii'I.f CAUSSIAH PtS. ■ A 

HOA^rA Of n‘k..iA‘i{CAL OUULAiekS • 2 


DS roi 3THAI1 HAT2 
P fOh STUM' bATS 
TUICAHZSO a; rut COIHICTIHC boot 


STl'AU (1) • 
sroAd (2| « 
bTCAla (]) • 


O.2TT0OwO*O 2 
0. 22500UO-OI 
0. tCOOOOO'UO 


STaiSS(I) • 
SI*tSS|2| « 
srsts3|2) • 


O.u0iiOOOC'O2 
' O.SUOOOuD'OI 
' O.uOOOOOO'OO 

U.MCTbOOw'OS 

0. ICilOOC'Ob 

C. 1210300'Ob 


ibiTiAt ceontm AT 2ACJ HObA IS AS rokiOASi 


lidoe io« 

f C0090 

Z COOID 

sLurfdip.) 

IIHC TJtCtitSS 

1 

0.0 

0.0 

o.c 


0. lOOOOOC'OO 

2 

0 . noooo9»oi 

0.9 

0.0 


O.2AOO00D'0O 

3 

ti.3JOOOno*91 

0.0 

o.c 


0.2b009CO«i)0 

« 

0.30C000D*01 

C.O 

0.0 


0.2'00000'00 

& 

0,<l0UU000*«)1 

o.u 

0.0 


0.220C090'30 

% 

0.50C0Q00*01 

C.O 

0.0 


0.2000009' 30 

7 

0.«7C0009«01 

0.0 

0.0 


C. tSOOOOO'OO 


0.70CCOOO«OI 

0.0 

0.0 


0. UOOOOO'OO 



183 



I 

I 


f 

p.poeoppo«Pi 

P.O 

P.O 

0. 1100000*09 

10 

p.poooooo«oi 

0.0 

o.a 

0. 1200000V20 

fl 

p«ioeopoo*Oi 

0.0 

P.O 

0. 1000000*09 

u 

0. 10SOOOO«P2 

0. ipospoe«pi 

0.«IUtl5ft*01 

0.«00l000*t^9 

li 

p* >n090p»0i 

P* 1500000*91 

0««PJM»0*00 

o*«eooooo*o0 

i« 

0. 10tlPJt*02 

-P.T5f«t2>01 

• 0.n<i59l9*00 

0.1000000*09 

IS 

p, imoio*Pi 

•<. Jet5l26*00 

• 0. J«f0ll»*00 

0.1000900*00 

10 

P« U^CP00«u2 

•O.AOV02IO*90 

•P.5ii5f*0*OO 

0.1000000*00 

IT 

P. 1J211P0*0^ 

•P. lUf T(tO*PI 

•0.ivPtii»*oo 

0.1000000*00 

IP 

P. UaJC20*P2 

•g.m«P60*ot 

•0.if2tA59*Otf 

0.1000000*00 

IP 

P.I4J1P10«P2 

•0.2509000*01 

•0.10«7i0t**0l 

0. 1099000*90 


MACHfiT MO#liTXfJ 

1 

coumoi #itAaitcfls 

tcL tt t eti« m II 2 ott. fit* coirr.of lunr. timit imnc micf 

1 o.f«um«oi p.p p*foo 3 POD*pi p.ipjt 2 U»p« 


wu« pf ma« fist Of MIS* tutiir <.r tiuru or riiu. rcor 
v*iaooaffi«oi I p*«i20i«P*Pf p*ipooooo»pi 


toPfour cpiotfiois «iC( 


QMri«C<«MT CgnOITlCl AT tUOt ■ t 

CiAiPii 0(3fUc;TCiT iuipiriui at fgot • U 


COASflAllTS Utl9T(C P(JU»OArWl/Sr«l«C) 


AS CISCflOlP lATXI 


TNI rfri« ful lACi or i riA«.if«/i is is rutiovs 
€.noocpo>o} 


184 


rest 

1.219000 0*01 

cotff* Of Pitet 

p.p 



rmoA 
A < . 

" A t.t 

1 « 

< i'.nT > } 

0.112/ i l».«M I /*,>*# 

Atfi 



0,4/7 /777/// 7777d 

Ai . 

i 

i/. S»>1 J ' l/Ol ' ^ (.0 

Ap; 

i 


.4.0 (wi.#(.4<#4i((#l#t 

Ai . 

1 • 

0 . 1 / / t t 1 1 IfW 1/4 1 

A« * 



J./////////7 777 /(i 

7tu 

1 • 

'V. i»» J 1// .•)>*/# i 0**4 

T4*; 

7 


0. #4? 4’»#’'(#>1 I7(#»(i# 

Tl'. 

2 • 

*0. i 1 i •«» 1L4 

T4*. 

2 


0.V'.2lMbl*i'iP‘i250l» 

ta.; 

1 « 

V. 1 r# 1 /A /'. 

TA. 



C '.'i2t4i5}'iOd(i25<*« 

ri:; 

< • 

j . nti 1 Hli J ns #*(00 A 

T* i 

I# 


0. J<# /d'li* iwbl iTnOd 


iliL Of nAi.411 • %iu 


T(fc r'*»;L4“rjiAL -s'l roa **acm nuot At t: 


». S‘i00 Jf' ’ '1'' , J- ■<• 

U. 1 O' * 

COOCOkl*i3) 0. 

/toooooooO'iDOtoa-ou 

JM.lO JilUt'O* iw 

(I, V'.Ol .utl*' 

C0Ct.t.tC*tJ4 (I. 

t /OOtOOii JUJuOPUJ' 04 

'lA'#.) J >'“30'. 0 in'J-ij*' '( 

0, !(‘*<^b 

.')f.‘‘tU-J4 0. 

#'#Bl0.f 3J 

i<. 1*1 1'/.';/ i 1 1/ r.u to*.} 

0. J/ /2'**t*>/'.c 10 J% (•*44 0. 

12 / 2* <*n4 l4'>«u*i7o* o4 

'l, 1 2 /24't lOH (•>« 1 

C« 1. 74^w*tl>^ 4 # J 1* * w4 

Ulb«44C J2tMi22i^d« 

l"iTAri Jilt -.A 1* > f »t« 

*1, o'l 1 1 *>i*. ;i » J / #U -r. 

bACll A< U 3R3 : 

>, <» / til 3. 

•i 120 «>« Hi t lb1U44J* <j 1 

0. 0 t /O .'<* J / #'«* 

r. <.2'*u / . 'M* 

♦ w/- . ).*0 1 >. 

Ill'll .»»b 1 1 1 t t .«• 0*> 

U. '# t»I /*•(*>/ 1 III t*0 4 

!/<. 121 / ♦ } 

•.4(.'»/4..* JS 

1 # / /* #» 1 • 1 >2 . 7’. i &• 04 

•j. I7j/'('4l*»*,‘, J .#.‘•4- '1 

•J, 2 ^ /» /n li,«» / #„ 1* 1. - *J ). 

2 >71,42 *(. i'#f t'>« '#,;•• O'l 

*1# Jc // / '■'n' t ' 1 ». 2.I- '0 

‘ , 4‘ 7»n|,yt 

«.4*.|t-^S 3. 

12 to Jo J / #*/07 JJOP-Ui 

tlhZA HUTJN of jIOHt. 

2 

T 

0 

P*ll 

Crtl 

0. n 

0.0 . 


*J«234lo7p-P0 

J. lo t' 0 1 I- J., 

14 '••*4 

..71 1*i.'0-24 

•).♦ v-nOD-CB 

•5, ;. #‘/Oi J - 3- 

'.V, 4 . 1'1.c24 

V. / ',<» #0' «>*2 1 

•0# 2<;24II 1.1-07 

3 1 1 '• l4* J/ 

3, (4n(..‘/ »•, 0 

P.24I . / 

0»4i>l>1>tD-07 

• i, 1 # i 4 ♦ /• >n 

• 3 , i, *> #4 'M /• f 4 

• 1. tr 

•0. /b''#* Ob 5- 06 

3.(.» 

• W « 1 4 4 1 (/./•}> 

•C.4L i.u7,#-n» 

C. ISo #btl>-05 

• 2' ; . 

* 0, 1 4 j^**! 1 J* 1 A 

* e***,..44n- • « 

-•'.b«i3V/p-01 

0. IVill )D*U 

• . 2 *> 22 (4 >• 1 1 

• 2. rfw'**.'! '• 0* 1 1 

i3. i #dS4il>-C4 

*j| /'I } 

, I # 'I'jnS.;* Ad 

1 

-0# U2C #2j*0J 

1. JJ )• i»->- M 

1 , *( 0 . 1/ 4 J* w o 

C..71 •oc:-''*. 

0. ihbO-0) 

• 1, 1 *4 ' J* 

• 1. 114 J2M ••' t 

.. n «i*4 10 .-* I 

-0.27■Jj4}^.^>2 

J, 1* # / 1 #a*‘M 

-U. Jl2J/i:-04 

.♦K-nOJ-3l 

0.o020t#0-n4 

a.'j 

0.0 


0. A22442P-04 

0,27 t 'll*)* 31 

<• J • 1 2nl * 1 j-w2 

-C.*j^'.nOMD-72 

O.mC #7h3P-01 

• 4. 0«« 1 t* '<4* . 4 

‘/.I 77- (. Ji-^. 

• . 1 12 •#• < >*31 

•0. 1* #}*4p#03 

1, 12 '4 ». i'i* i. 

- ). 2'.b 14 i^-uA 

•7...*T4l'»J*3l 

0« 10 «' 40*00 

•J. 1 t tliU* 3v 

3. t'.44|i,.-o2 

;.4ii I'lTii-ji 

-0*l4i 0*00 

c. 2 »‘ > .\ 

- J. 440 IS/.* 32 

-v.< i..»77.-n 

-0* e‘4 lnb2 l)-01 

-0. J2 >*.«./ J* 'J 

->.27/j47t-01 

0.*>.2l3ea'31 

0*1 JO 32 j* 0 1 


HiJiiesT ••ruM*. utA0/>’K) * j.‘)U442;s)#2600J7;»')& 

TPfe COlPLCTf »ALO' OK t IT lAI CUTAf * : . J li^ J7*« J HOk J 1<^4C-0^ 

DrLT>r SHoytj tp«'u: c,jnccoo-3^ 

Tnf *Aiur ur Oi.LTA^ is Tiit K?ouAAr, u. v.ioooocj-as 


c.ino joojooooooooc-Oa 
' 2.AOO ijo rjuuoooooo«o* 
7.i2/ w*j>7(Jb*»7047D«Ol 
0. J27 2«J7ib2 1S2 *j7u*0« 


7,7i*i^»h* ;n;v‘>'>2to-os 

'•.» M Mb96wn4i'i0p-3S 

i non t 2 u~o^ 
0.;: iusjio 7oo-dS 


Tiu «.os4Tamts fon 2 »iajt:c rc'j>CATXw»i j arc. 

Til** 7AltM jf f«- Ta«‘.wATUI bin. H u vuh^TAKT 15 • 0, J000000*04 

fifc KALO-J V T.t Avi'IAI W.'. i '«• twR^lA^r Ib * 0.I5CCJ05^7«* 

Tilt »ALUi 'Jf :iii Tin .ILRAL b.'.»4f»a vJ>bfAlT IS » 0.0 


fia>r bl-^Pe.ST AOfO.rl Of clffHirS 

'i i 

13 7 

T'lf Wt TM^ VAim. Trtf if*«CTlf^ L*‘RCri1i fCfc Tdl VBJ PUS 1 StCTlONS Of Till STROCTOiC 

0. ^i'UU00.^*Un 


— <i\i ^ 


185 


\ 

-\ 


/ 


n 



-V 


f 

I 


( 


t 


f»l II fl* fM' Of Mf rklClMf* lltU tl»l4f 

IlfliT 1 TM^ 0. itCk* II* 




lM«0f Ml r^ll If fM 1*0 uf n*k (.ICkI Ivl 


1 

•oil mur iitu ma 
• n't Mi^rK <i«k*r 
tl 10 Ikllftk !•< lOf 
fusru io«« 

ITORII U *U« 


• tMlIC MifOf 

0. 1«*«*>I*0* 

• 0, j10i*OCi»«0 I 

« 0. If04* «0«V9 


CfCW* MO 


fif* 

11 Sfit fu 

17 Itli 

If mi <0 

f 

0* 7l7/> W 

0. 7l7/o- 1i 

9. 7'«4 i0« 1 1 

0.* «* 1 1 


7.4«*10*1f 

2 

0> 1 0 

0. tg 

g» 5* 1 1 i-ol 

b, l**ik^*Ov 

0./7<l4|«*g4 

9*77«0*0* 

1 

0* 

<5. 1 15 } J-<l* 


t> <• «< » 

9. U*ltf«97 

». 50*l»>9f 

• 

0* < 0 7 

J. « 11 7tr* U 1 

• , 5<« lSj'W4« 

U.5*I1>>9* 

0.7*0 Uf- H 

41***050-0* 

1 

0.IJ*w> 

7. 41 71 WON 

5. *1 1 j«g*i 

g . * *1 5*^0 » 

0. 1«I7U>7*. 

0. •* no-0* 

% 


i.kKjU-kl 

0. i'*g tg^c* 

i . * V 1 ' ‘O* 

1. • .44:.q* 

9. If «10* 1* 

T 

-0. 50Jt<ru 1 

I. 5 »T».g*g 1 

Cil'ailj bf 

'0. 1 «<«•<. 7 

o.iei«g*7i 

-0* *17 f^O 1 

• 

0. 

• 7. 74»l 

g . * < . a* 0 1 

rf.7-/f >'/♦ 

« 

'I. *1 l4> 17 

1 

0. 54 n^gi 

- 1. 1 »4 .u* 'i; 

•C, I t 1 -U • • 

0 . < * 1 7 . * (5 1 

7«*07 

0.* 1119*07 

Ik 

«0.*5><«,. .i 

1. oil '-g; 

i. *■< 5 • * 1 1 

t . 1 U* ./• 1# 

b. 7 #7 1/ 

-7. 7*5f9*l7 

1 1 

0. 5 *0# « 1 

• 7. 1 •/4.^ 

'■. I4l /. •••« 

*g .■».#»*. “• jH 

•i. 4eJ »j»o* 

*(*. U717* )• 

U 

• 0. 51 

7* 7 <7 lg^'7* 

-V , 5 1 1 'rf* j» 

-1 .5 .tu‘ 14 

• 1. 1« l*0> . . 

*g. 5 5*. 70-}* 

f 1 

0. tl/tVOf 

Oi *MJg«g« 

). 5j(g«» j 1 

0 .* ** « :^S4 

-).* fg I0-U4 

7*1J 71l>-.i* 

1* 

0. 

9.7114^04 

. . 1 1 7 5 

V ./ ^7 1 • * 7a 

0 . in |g>4** 

0. «i;«9*01 

11 

0. 71* <0«V1 

g. )i«;k*g» 

..V7»l -*vV 

7. 

7.17741* 7* 

9. fbff >i7* 

1* 

0. 

9. » 1*4 3-g<i 

.,**>■* *g* 

C..II 

0. *4.117*77 

g.*0 59(^01 

17 

0.7)71^01 

7. lM.j-07 

*a 1.*.7 -t/ 

b« 5*/4C*<»7 

o.iil ib-i* 

b. |4««*-')* 

tl 

0. 75lti>-0« 

0. M7>0>wl 

g«*t 

0*«g1 

7* 1k<>*0*7l 

9* 17110-0* 


CfCti* tno 
STI4III IT i;>:nici«c rH4ii 

i 

I 


■51 

J, ll<« V« 

0. U'« 1*7 I 


10 

4.Y47 »7 WIO'O I 

• <i». 

3. t#^'l*4l70-0* 


fl 

-0.20)7i17),>-0) 
9.t*9MlM9>0« 
0. 1 I* t* »,)*y I 


to 

0»7|74»m*0>0| 

VI* 


4* i44 ri4j« 9.«KO0O'Ui r:^t iff*i iKriit lAficr « 9,U49t^>p9 


t 

f 

V 

Ml 

(.Ml 

COM 

cost 

1 

a 

iTiua (l«5 

niMI (UUTI 


0*9 

O.'J 

-0,‘.4MO-7'> 


l7fc*.7-5J 

1.1 

0,0 

0. 17I57-04 

•0.19*K*-»I 

0 . 57aM»-57 

0.U1V9-W 


0.7«*«9*n 

0 . <1*4.- H 

9, . • V7J- 1 7 


1 I7iy- f f 

9, »;CC|4'5f 

9. I1«4s-tff 

7| 

•0 , 17 f*»y* 51 

0.1il«0-5t 

o.SiHo- tl 


0 . 1 * )I9*C1 

0,*»-4l*51 

g« .w, >-ti. 


It* « 1-0 1 

g. 7Muk*7t 

9.7I14U-1V 

1 . •*'.-7*gi 

9. 1 1 7'«g-9? 

0 . J'.>l«9-l4 

e.ioiii-e« 


0,ll71*'-‘l<f 

* 0, 74 1 »j« 1 , 

- I.*! atl,*l7 



0 , 5 j:ji47f 

-0.94 477-U 

9-*.»a5-»wy 

-0.'7ll.,’7-*> 

9. 55*'>7-0} 

o.mo;-o 7 


i.uiia-M 

\ .4|l,-59 

|7/»i ♦, » 


4-Sg l.Ok 

}.4n9(*ji 

g,4.'<7i7-to 

no>**of 

0.'.«*17 7-91 

9. . 4579-01 

0.71970-0* 


7.71<..7-*1 

1. 1 4‘*i7-g > 

-V. 5 »■* , 4 


t 7 » 

<• W0g,4*)1 

J, 5 *777-91 

• .* 5 -. >*'7. 

7.75*.#9-r; 

0, • ItiO-OI 

e.»7519-09 


0 « 7 1 7 ♦J*'* 4 


M-.« in 


U4..«-gg 

g.*iJC(4jf 

-V, 9 1 7 7^-0* 

9.-MS4S.WI 

-0, Ia•».p4g7 

-9. l/iat-OI 

0. 1I*T>-0I 


J, 1 5114.^ 1 

*5|<7-1 I 

, 1 1 g 1 * • < / 


1 3 1 

9 , »7'‘).4d1 

i.M Wg-Ol 

7, 4*5 . .y 1 

-g. 597 <g4-| 

0.i*»*79-g7 

-g. *14*9-02 


- J, 7l7*.9-:i 

' « 74 7«J *7 I 

0. it' 7.^ '^7 


. e»r-'» 

9.4'*00(47l 

-..•7*7-05 

7 - 'H4..,-* I 

0. 5 »9 Ij#:./ 

-0. 74«ip-5^ 

0- 1S700-07 

tu 

9.I1410 71 

b. <I 44g-g 1 

-3, l» 1 »g--7 


J 7b 1 J- 5 1 

9. fOCQC* 75 

1. Jlayg-OI 

V. 5-7l..»g* 

-g«71o«.r*9l 

•O.kit I7-07 

0.TU49-02 

11 

-9, fiiir^ci 

V, «'i7 Jb-01 

-0.157 ' .-g 1 


‘*7 *47- »4 

7 . l747;*77 

7.0*7 49-0* 

-V- *1 >»• 7 1 

-9,«*.e:»07 

0.«75l;-g7 

•g.**j5c-07 

17 

J, lOllt-vl 

-0.714I7-C1 

g,l(,47v*gt • 


4J|*1- 1% 

1. * 7'*0.4 j7 

9. I77v9- 11 

• 9. 5 111:- < 1 

9. ig(.^b*7« 

-9. 79Ii--7« 

C. 17070-0* 

IJ 

0.0 

'’.0 

'5,0 


tv* l*l»- '1^ 

. 5 . tl ,9t49/ 

g. ViUjo-ot 

9. 57‘'..C*9I 

4|L)--ti 

0- 7 JIID-v.’- 

•0. 14110-00 

fa 

-<7, i7iyy-o« 

-0. /4*4(^4't 

i.4-74W'^, 


. <v7‘»*^ 7* 

7, » — 7-*97 

'J.7>/<,9-9t 

(7. JIV, •♦*/7 

9.17«4>*-07 

tf. 154. 0l 

o.7«iie-o« 


-9, 74 

• \ 7*54J-gW 

t -U 


4 1 K 5- VI 

0. 117114 <j 

-C. lOf.g-bO 

9-«l 11^*71 

o.**’>gc7-“i 

0. Jill 5> 

0.*1*iO-95 

1* 

-O.IJalO-Tt. 

1 MO-J1 

g, i» 7..*. 1 


i'4.‘77- C*. 

5. t7^7V4J7 

•0. *• *7* 70 

9. iit»«')-99 

0.15 17:^91 

0. 1««t0-0l 

O.RlQiO-0* 

51 

- ), 19410-71 

-g. 4l4*g-0l 

3 . t» • ? . ♦ t*» 


IJ- n 

1.1*71(497 

-7. If ICJ49I 

9- 14.*»7-0 5 

0..'»l*9-.1 

0. 5»I«0-CI 

0.7120C-01 

14 

-9. II 170-04 

-g.4i5<i7-ig 

J.» *j 7 Ig- 5.1 


<> IJg^.ga 

I. ti>lU4 i7 

-u. 1 7o*7t01 

9. *9a-9'9 1 

o,iiiS7o-gi 

s-usdo-g* 

0.101*0-01 

10 

• 9. IfOb'IU 

-C. 14*47-11 

0 . 1017^-11 


|41k7-l7 

1. tiin*77 

-0. 7*099-91 



0.2J410-10 

0. $2200-10 


fSAC *0. 

• f*«U • 

r Cl 


t 

• f* • 

rauf • 

ri«f • 

rta? • 



1 

e.io9)soo40i -o.7Siviic4o; o.o 


tt.7iai4*9*o* 0-0111* 1040 J 0-0 

, 


SQBITiaCTOIt 

11 T 1 

IK soir 

in 

TIM 







f 0 

• f4*f»4|7-07 

IJ 2 


t 

0.*ifC9C0O-0» 



• 



2 0 

« I«g*797-0J 

11 1 


1 

e.*oeoo90-oi 





S071MI7V.TUII 

fciR'.tsr lec. 

ri. srMii 


iitn 

too. ST- 

Tiat 

soaract 




1 

0-74111 JWOI 


* 

1 

0-M09000-9S J 





7 



11 

1 

9.4490000- 

V 

01 1 




SO* «rtui.r9tf 

iAS^l^r awblk >T7*<« 


*Uw7 

soar 

rja« 






1 

0- 1 14 1 J0-U7 


1 J 

7 

9-4499000- 

99 





2 

O-17M7«10-O* 


17 

i 

0.4499Cl)>0l 






I 

p 

K 


X 







|i«iidf IIO IbtK if fits liu UP unf CICLI 1029 


■IflkTlC («nlCt 



t 



9. H«a«*jC«C« 

VOM 

tinr iiTo amu 

a 

C. 270«UCu«0) 

ICid 

aiasrtc 

ike«uf 

• 

C.1S««>i1C«OJ 

•mu 

tlASIlC 


• 

0«t7«)i4&*02 

• lie 

pusric 

aoa« 

■ 

0*«2«79‘i0«02 


Ititvt STOhfO !■ ILkSTlC ■CSTPAlifa - 0«f)3207fi*C2 


CICll* 

1020 








tttft 

St STA1 

SO 

SI 

STi2 

SO 

St 

3T4J 

to 


1 

9.1US70.01 

0. 1097 0*01 

0« j|lJU*Oi 

0. J2tlO*3l 

9. Jj770*4i 

0.J|77D*01 

3 

9. 2S1]0>U) 

6. ISI20*32 

0«J«iVw*C i 

0.iii7C*OI 

O.ataPi^Ui 

0.«2S90*02 

J 

0.« J4C>>0i 

<1. •19'<«}*3l 

U.«71 >U'0 1 

4.«tdl7C'01 

e.s;oSc*)j 

0.»2 9SD*31 

• 

0. SS«70>UJ 

9.SS3I0- Jl 


C.S7O70-9I 

9.62ttJU<*0l 

O.S9USO*31 

9 

O.S«t21»-Ol 

0. 1 

0« S«S9 j*0 J 

0.7722C-JI 

0.17940*01 

0.121S0*2S 

t 

-0.JU«9*03 

0. tf, j(,j-g2 

C.S2aSt/*0J 

O.aS^ifOl 

0. 1«9‘>0*0i 

0. 1JS2D-0J 

f 

9. «9»60-02 

-0. )H*OUi 


*g.<t191i>*d2 

0.S«vU0*02 

-o.«iua3*o2 

• 

9. )«ii*O*02 

-9. 17KO-0^ 

0. JI^2b*U2 

-0.tM*O-02 

O.Jli99*C2 

•0.19910*92 

S 

-0.7lSlO-0i 

9* VJ4J9*02 


u. t:i to*oi 

*0.2Cj0o*92 

0. 12540*01 

10 

-0. J72i;^01 



‘9.ISSIO-32 

0. 

*0.2J4SO*0t 

tl 

U.7bS7:-0J 

-J. 372J3*0J 

0.««l7u*0i 

•0.7i*2C-3J 

o.sia7c*0J 

*0.41510*01 

12 

C.S2k2O>0i 

-0.7t ii.C*<.l 

c.isejc>aJ 


O.S«444.*OS 

0. 76910*94 

I) 

9. ]v2]9*0l 

9. 

C. tlNr*02 


0.19200*02 

*0.1l11»*0i 

1* 

O.S7f%0-0 J 

0.«i }d.*Ji 


g. « U10>3J 


0. 77160*92 

IS 

3. S]4«9-0J 

C.S^22C-0j 

i;*oi 

0.1.7-*29-0| 

o.«iiio*0} 

0.0^540*32 

u 

9.S«9«»>(,J 

0.iUJO“CJ 

0.« J 

g««iS7c*3i 

0.292it^wi 

0.4* 94 ;*92 

11 

0. J<4S^O-OJ 

3.26SJ>CJ 

c,«12«3*0i 

04io7jO-7S 

0. i;aSc*oi 

0.23470*92 

10 

0. 177%9-CJ 

0. I22IO*OJ 

U«b»«iC*0« 

o.7m«fo« 

0.92070*04 

6.12250*02 


CICLt^ 1020 

ftjtm ST seotTtofit pomrs 

Si 

SO 

SI 

1 

•0.645294009*02 

0.199972250*01 

•0.44Sa04)o0*92 

2 

0.44Uf3470*0] 

•0.154217550*02 

0.64l4<»9723-02 

1 

0.222221406*02 

0.54594 9020*02 

0.422 I944»9*02 


0. 10d«9J91fr-01 
•0.79«$i«20C-03 
0.5<5779I«»>0J 



«« 1920 T13S« 0.19220P-02 TlSi ifftt ItITUt tflPtCt • 0.522O27o»0O 


S 

f 

• 

psr 

ONI 

COPt 

COPS 

t • 

StSSXMtl) 

SttlUCOOT) 


0.0 

0. J2J20*02 

0.9 

•0. 22469*99 

(.3C43U-02 

0.0 

0.9 

0. 14071*04 •0.26700*93 

0.194|>0J 

0.3043>>0I 


0.2174C*wa 

0.45J«0*0o 

0.44ld9*9l 

0. 10990*91 

9. 23749*02 

0. 15553*w4 0.379J6*02 

2.24169-02 

0.24199-01 


o.707i>.ni 

-0.54tlv(*9 

*0. 1455>*<.6 

6.42443*03 

3.20CU491 *0.6433^-94 

0. 19063*04 0.32150*01 

9.4^620-02 

0.42693*01 


0.1I9JC-02 

*g. U5K*'35 

*9. 17«2f-'-5 

C.54 'og*93 

3.39CU«91 •9.135I9-C5 

0 2000*0* -0.15020*31 

0.54460-03 

9.54 309*0) 


0. 7779^*62 

C.242 JV-04 

0. 97*;C*w4 

6.61.13-02 

9.4J02*4g1 

9.2»2i9*04 

0. 27712*2« 9. 12590*02 

0.eS0*0-93 

9.5«42>-0) 


9.24199*02 

•0.«0(,90*gi4 

-0.9d24:-J' 

C .0*630*91 

9.59C2l*91 *9.»0629*64 

9. 1976 9*94 9. 1UPd9»0 2 

•C. 12229*03 

0. 14170-02 


0.21310*02 

-O.J65ir*32 

•g.;7iT&*v: 

0.7 136»*01 

'0.6 99J1491 *9. 26 319-02 

0. 199*3*94 *0.35620*03 

0.);590*02 

•0.16209-02 


U. 14479*02 

0. toil. -ft 

O.*5g:9-0l 

-0.60249*91 

2.70CIC491 

9. 2021..-91 

0. 17223*94 -9.Iv37P*32 

0.51410*02 

•0.327at*02 


O.U16P*j2 

C.l2j40*v1 

g . 6^456*01 

*v. 3C65v-C2 

9.8C02l*6l 

9.9224**91 

0.1M'*^.v* C. 3272U»33 

•3, Il27„-a2 

3.36079-02 


0.194l9-v2 

C. 1141, *09 

•O.SbOJg-- 1 

0.743>9*9J 

3.2912C*01 

9. 11403*90 

0.2167^*94 *0.96653*02 

-0. 15743*31 

0.20640-01 


•0. 47520 -S.2 

0. i572. -•'2 

•Q.544I&-V2 

0., *4^19-33 

9.9‘>15t4y1 

3.25723-:2 

• 0. •.5)73*92 -9.54000*0) 

0. 1 )4 10*01 

-0.1279C-01 


0.i26«0*01 

U.5Q5 iw-9 J 

*7.204*9*g* 

0.7 iJ.9-9« 

3. I95‘*1*02 

3. 19919*91 

9.23693*22 *0.2S310»*I 

O.y«420*01 

•0.72339-01 


0.0 

V.'i 

O.b 

»..575>C-94 

3.II53W»92 

9. 15g<ig*0 1 

9. 11S'*>94 *0.4gi2p*9i 

*2.ye54f*04 

0.21I7C-01 


*0.4l27D*r2 

*0.2l<*70*92 

0. 276^0*93 

0 • 6*>g<^o*o 1 

9.10461*02 •3.7IH:*CI 

0.4*4n*92 *0.19643*31 

0. U770-02 

0.45409-04 


*9.J227c*u2 

•0.754U-U2 

0. 11213*92 

C.695g9*0 1 

I.1I71C*02 -9.30153*63 

0.d)5*^*g) 0.54650*09 

9.54670-03 

0.67470-0) 


*0. 25279*02 

-0. ICl7o*0g 

0. 7)«I4^03 

0.592-'9-OI 

9. 12596*02 -0.66953*00 

0.626 79*02 0.291y3*9S 

9.44040*03 

0.51400-01 


*0.29023*02 

*0.6 17 lo*0 J 

0.5JJ1*-0J 

V.355. V0» 

9.lJ2t:«g. -g.llO'fO^Ol 

0 i39S3*02 0.12590*00 

0.3«9«9*0) 

0. 16400-01 


-0.1444P-C2 

-0.. *5129-01 

0. 4Cg i.f*g J 

g.ly. 49-01 

9.1l4i:*92 -9.17653401 

0. 10393*91 0.6a52»*91 

0. 169 70-03 

0.22449-03 


-0. 15770-02 

•0.14219-wJ 

0. 350^3*02 

C. U6/0-01 

9.I4JJC«02 -2.2490*01 


0.62449*04 

0.15360-01 


Paso 

60. • PC-U • P<.C« • 


str6 • 

raw • rt6f • 

PlAt • 

1 

9.«66d120*0*l -g.51o452t*90 0. 

0 

0.n07HO*04 0. 09166 io«ei 

0.0 

soostdoctoat 

1 

asra iti soaf 

0.29'764HU-U1 10 2 

ST6 

1 

tiai 

0.10*0030-92 


2 

C.«24l57o-02 12 1 

t 

0. 1929090-92 


SODSTBOCtOII 

VssdCsT SCO. PT. STaaia 

cita 

SOO. Pf. 

Tias soiPSCt 


1 

0. 1C4C7.0-U1 

4 

1 

0.1922390-02 2 


2 

0.64IO45O-U1 

11 

2 

0.1929000-92 t 


soo*riocToai 

66a«*sr iot*6i STfAia 

■ooc 

soar 

Tint 


1 

W.2 J644du-Ul 

12 

2 

9. 1923000-92 


2 

0.4«*.l6l**0) 

12 

1 

0. 1023000-92 





c ■ 


187 


4»ft*CT AlO hVfef AT TOK lAA OP 1UA ClClt 10A0 


ACIftllC AB*'«Of 



t 




VOtl 

IIPOT IbTO ■111 

■ 

0.2706000*0) 

At*e 

ItIPTIC 

t6'| jf 

■ 

C. 102U6lO*0) 

BI60 

Cl«9TtC 

C6*tt6f 

■ 

0.6««IT«70«02 

Midi 

P169T1C 

■ '166 

• 

c.)iiin7o«o] 


fador STddfS IJ 8USTU IIA1fcAiaf9 • 0«it)5YY0*0a 


CTCll* 1060 


tun 

SI 9TA1 AO 

SI 176) SO 

1 

0.76710*02 

0. 7655<K9) 

0.77600*0) 0.77700*7) 

2 

0.62470*0) 

0.227G0*0I 

0.6J6JC-0) 0.6562C-0) 

2 

0.9062 0*0) 

g.9l29U*G) 

0.10JuU*02 0.6566^01 

A 

0. 1256 0*02 

U.65 

t..7555l/*0l 0.112>C*C2 

5 

-9.79600-U) 

0 2<j6lJ«>32 

*0.252H1*J) 6«>u02e*02 

6 

0. 2226 0-02 

*0. 16 75U-U2 

0.6i5nL*07 *u.JO)40*02 

7 

0. )))19*02 

*7,21650*02 

k«5Ul0*02 *0.Jfl9)0*0i 

• 

0.7s569- 02 

-<».6»6'1J*02 

0.2Jtiu*0l C.7U6)U*0) 

9 

•0. 66609*07 

1.65460*02 

-).1IC4..*01 G.KU20-01 

fO 

-0. 1695 0-01 

0. t19jj*CI 

0.566>A*02 *C.5i^iO*02 

1 1 

0.11)70*0) 

-0.646.0*0) 

0.A66IC-0I -0.07950.7) 

12 

0. 16210*02 

-7. 1 MOO*02 

0. 1667J-02 *0.1)110*0) 

1) 

-0.11560-C2 

9. 12)70*02 

*0.11)56*0) *0.6<7)>)J 

16 

0. 16690*02 

*7. 1<Ji9w*02 

0.e76li*gj *1.12040*92 

15 

•0.60290-0) 

•9. 1 « J«J*0) 

*0«)ii2C*J) *0.14S<«C*7) 

16 

• 0. J1610-0J 

•0.1l9CO*v* 

*0.14!71.*0. *0, 1756>)) 

17 

• 0. 26)5 0*0 

•7.2597t*U6 

-0.1'|6|i-0) -C. 56)10-06 

11 

• 0. I2210-CJ 

0«750«9*^6 

*0.75170*06 •.20670*96 


St STAY AO 

0 . A026O - 0J 
0.86CYO-01 0.dAY2O*0l 
0. IU«0*92 0. MIID^OI 

O.IAAro-ol 0.1AAJD*0| 
0* JiMO-Oi 0, U6i0*02 
0.S9i)tf*02 -O.«)090>3} 
0 . 6AllO«Oi • O . V1 «)>- d2 
- 0 . 6 « t ) 0 - 0i 0 . 70600 * 0 ) 

•0.lfCii>-0f 0.19400*01 
0.21010*01 -O.iOfJO-Ot 
0.12190*02 *0.11700*02 
0.1Ai)0*02 *w.l«JlO*02 
0.1^0»0*02 *0.1tfil0*02 
-O.A9960*OA *0.«712D*0) 
*0.29a7O*0i *0.16650*0) 
*0.71950*06 *0.26660*0) 
*0.76710*06 *0.<#7900*0% 
0.6)C20*05 *0.67460*06 


CKAI* 
ATI6U 67 

1060 

60oc7ioiu pours 


SO 


1 

*0. 1)66916 iVwl 

0.1)169)210*01 


i 

0.«66W94 b 70*C) 

•0.)?8691950*0l 


) 

•0, 1)2156l7fr-02 

0. 151661700*92 


•O.U567a«50*01 

0.0657)1260*92 

• 0 . 1 ) 2261600*02 


0.t))0OS65P*«1 
• O.A'«879UO*02 
0.1515666 7^02 


1960 ftoe* 0. 106200*02 ttnt IPflA tACTUA tOPACT • 9.9220J7O'06 


t 

P f 

fat 

<Hl 

corr 

COPS 

1 

n 

5r<«tt(2«i 

sritiPCooT) 


e.o 0.9 

0.2)220*05 

0.76570-01 

0.7 

0.0 

7.)|7)9*06 

0.11290*90 

0.76710*0) 

0.76690-02 


C.IPOIO-O) 0.221JC-75 

-0. 1662 0-C5 

k.0lCOO-OJ 

0.t001C«)1 

0.22940*05 

7. 16 1) '*06 

0. I0179»C1 

0.60640*0) 

0.81580-0) 


0, 1«26D*l') *C. )6) i;*06 

-0.75 J6*,^w6 

C.o79l0*0) 

9.20)2;*01 

• 0. )6 4«D*06 

0. )55)y*06 

*0. 16020*42 

0.06550*0) 

0.89)S>9) 


O.))61d* 02 O«l07gw*0j 

0 .0626J-V J 

i .95474-21 

2. J77)6«41 

0. I07»0*01 

9. ))1 JJ*0« 

0.2li«lS*C2 

0. 12600*02 

0.6)920-0) 


0.)5 180*02 0.091). *7) 

•0.7716U-0) 

..95<o0-vl 

— 0«6CC6(*«1 

-0.«B))4*0J 

4,275 •9*46 

0. 124r6*4) 

-a. J57)0*C) 

0.22600*02 


0.6j76t>C2 -0.6)6)** '2 

-:.ii5Jwki 

9.3 J460-9J 

0.5906C*01 

•0.616 19-92 

0.217»J*)4 

•0. )6260*6j 

V. 166 )0*92 

J.15950-0) 


0.5fC6C-C2 *v.t)1«iw*V2 

u.2««j;*4t 

v.6V«23-OI 

0.64C5l«vt 

*4. I)9«4*02 

4. 155) '*46 

-0.)265g*.r J 

0. 6K450-02 

*0. )1O0C*O2 


d.6j1JC-C2 0.6-414J-UI 

2.61.'9D*; 1 

•C. 46554*02 

0.7C06(*v1 

0.67 l«0*OI 

9. 105)4*46 

0.1 J)CD*C2 

0. 0)950*02 

•0.790)0-02 


*0.2)589*0 C.l4l«g*vC 

Q.70l29*v1 


7. l90ao*«1 

0. 16 »64*C0 

4. 1755^*0) 

0. J2)-0*4) 

•0.58100*02 

0.62590-02 

19 

-0.K)**0-C2 0.l3j6i/*00 

«O.11)IO*0C -6.16460*92 

0.)6<)9i«01 

0. I5774»09 

9. 2W54-4) 

•0. l6696*w ) 

•0. 19)90*91 

0.26860-01 


•0.1i»59*C1 r. 465)0*0 

*v. 1)79. -01 

;.5667j»0* 

0.4987t*4l 

).4452 9*02 

-0. 10d;4*OJ 

-0.66720*4 J 

0. 16)70*01 

-0. 16100*01 


U. 26 0)0*02 2. l64sC*«2 

•0.7960.*.) 

..J1I29-9- 

7.I954^*42 

9. I0449»0I 

9.59i;>*0) 

-0. 1 10«9*.6 

0. 1)0)0*02 

-0.12570*02 


0.0 0.) 

O.C 

0.57711-46 

0. I1504*v2 

4.1>040»)l 

-V. 672)4*0) 

•0. 65u 10*. 1 

0. 15570-02 

-0.l66l>-02 


•9.11900-01 *C. 12570*0 

*0.117)6*01 

0. IQ95;*02 

-O.64«90-71 

-9, J4724*0) 

'0.2)400*42 

9. 16)50*02 

-0.19760-02 


-0.1:5)0-91 *k.9674w-02 

0.67Mob*04 *6. 26990*0} 

4.1170C*«.2 

*0. )452O«90 

-0. J514.»*0 1 

0.27240*9 1 

-9. ))66C*0) 

•0.19710.0) 


-0.11550-01 -0.562/fc-C2 

0.66666*62 *v.26)«0*CI 

0. I2«9C«C2 

-0.66449400 

*0.2754k*9i 

0. 14000*40 

*0.22100*02 

-0. tJ0AO-Oi 


-0.U909-01 -O.I690D-C* 

0.6756U-4) -:.i5y)u-«) 

7. U20A4k2 

*4. 1 l6oj*0 1 

-9. lS9;j*0 J 

0. 12410*41 

-0.15I6C-0) 

-0.16)90-0) 


*0. IC520-P1 -C. 197). -02 

0.J9l50*k) *..666C0*C« 

0.I))2C*02 

•2. 17749*91 

*4.60894*42 

0. 1196D*C 1 

•9. t)96D-0J 

-9. li88C-0« 


-O.IOJIb-01 *0.1«JMr*02 

7.JP790-02 -C.J0J7)-a6 

0. t«J2t6v2 

*0.2«920»77 



0.26650*06 

•0. 92920*09 


PPA6 80.« PktoQ • 

76.S.6 « 

AAPA • 

riMi • 

fMV • 

riAf ■ 



f 0.67669«0«01 -0.662706e«00 0.0 0,2607960*06 0.0916610*02 0.0 


SOSStKOCTOiC 

1 

NST8 stA soar 

«.2149MP*0t 10 1 

174 

2 

TfSf 

0.1060000*02 


2 

0.. 152)994*02 12 1 

1 

9.1060C0O-O2 


sodirtucTu»e 

AliuS^T ADO. PI. 9TMU9 

■ASA 

•00. Pt. 

t28B ' 

SU0PACI 

1 


9 

1 

2.1060990*02 

2 

2 

6.996609U-02 

11 

2 

0.1060090-02 

1 

SOSSTIUCTOat 

lAI..*6r lUOIk STtAll 

OUUS 

S08P 

Ttas 


f 

0.79n«5gp-oi 

10 

2 

0.1060000*02 


2 

0,15567«&>-02 

12 

1 

0.106440»*02 




OilOf liO NOtr If Till tic of tint ClkCc IfCC 


riiQirkT 


RllCttL «N«Mf 


1481 

1 

I8WT I* 

TO Mil 

■ 

e.t«446'»0*0« 

0.2706000*0) 

>116 

RIBCTIC 

18*667 

• 

C.8694910602 

BIBO 

fUSMC 

I6C6GT 

• 

0.7U26 260«0i 

mo 

mine 

iniK 

• 

C.784UI)6«02 


cipifif iroMC 11 cLiaric icsfiiurs « 


CfCLI* 

llfl 

i 

s 

t 

7 

• 

11 

i2 

1« 

u 

19 

11 


ttuo 

tt STI1 10 


0.«111>0I 

0.9K«>0i 

O.J36IO-Ci 

1.2I12>01 

O.S«U>Oj 

o,nai>-02 

o.2oao>ow 

0. 1J?U>Ci 

d.9062>0t 

9.ia9J>>0i 

0. 2111»-C J 

a. nY9>-oi 

4. 

)*9«96>0i 

1. 1291>4I 


•0. J271d-03 
«4. «22V6<1 J 
-0. H*ii0^93 
0.22010>>02 
•0. 113)0^02 
•O.iHUHOl 
•0,m lMii*C3 
-0.14110-02 
0.10160-01 
0.1I6J0-01 
-O.lbYftO-wJ 

-0. MYj4>-0^ 

-O.122t0-3I 

0.66113-04 

0.11410-01 

9.Tai7i>-06 


If Sti2 10 


-0.61060-01 
*4.0i<.>lb-U6 
-C.13UUU-0J 
-u.2Urt iu-02 
4. Hu JO-02 
0.6jlJw-Oi 
O.u 124t/-(/2 
-0.27260-02 
-C. 11 1 40-Ul 
C.0JJu*>-02 
Cl. a«i 2 ib-0 J 
0.27260-02 
C.4 J) U-OJ 
0.tiS2;-02 
e.6iiiO-oi 

C. WW2 4«-0u 

0. II 1/w-OJ 
C. IJtJO-06 


-V. JOOlC-01 
-c.iuiac-oi 
-C. fj90t-4l 
o.tsote-02 
-C.22I2C-02 
«4.<t2«40'92 
-C.6J47C-42 
C.27>>90-02 
4.1t««4C-0t 
-v.9126C*42 

-0.l6l2:-9J 

-0.2u'4 40-92 
O.wl'tK-li 
-6.14110-02 
6.tia2C-tfJ 
6.6124C-3I 
o.ufir-oi 

0.7R4IC-06 


ft 

-0.«M9o-0l 
0. 17a60--l 
-0.12490-02 
-0.19240-02 

0. JC2Vi}-22 

0.4u«60-U2 
0.82140-02 
-S.66I60-OI 
-0.11120-41 
d.2C:K-01 
0.12190-02 
0. 2941*41-02 
0.8Jy9C-')i 
0.22910-02 
-0.J474O-UI 
0.1662O-06 

0. uy fo-01 
-0.2929i>-01 


90 

-0.21040-42 
-0.84190-22 

0.6m>02 
0.10)00-02 
-O.I20S>42 
-0.9994D-02 
-0.J722O-0J 
0.692BO-02 
0. 12840-21 
-0.27100-)! 
-0.12020-02 
-0. i1l»0-02 
•0.1U240-02 
-0.19l60-)2 
0.4292O-O) 
0.24 280-02 
0. 2492>0) 
0.1714D-02 


STIJ 


crcua 

ff<Ml If 

1100 

10017X08IL OOtIfl 

91 

90 


9 

•0« 116266470-01 

9. 117027490* 


2 

O.B62‘i40020-02 

• 2.96m69ao* 


1 

•9.656004090-02 

0.9904 1S290' 


ft 

•e.) 14 921090-01 
O.tf«222121>02 
• 0.«l6 109160-02 


to 

0. 117 14 1111^01 
-9.96>622B4e-02 
0.190640920-02 


2* 1104 rCM« 9.119402-02 TI84 4fTr8 tUfUt. IRPICt • 0.1222060-02 


t 9 

t 

fSl 

C81 

COfT 

1 0.0 

0.2 

-3.90720-09 

•3.27962-01 

0.0 

9-0. )Y960-C) 

•0. H484-C2 

-0.6217(.-02 

-0.26290-01 

9.94766*00 

1 -9.7)990-62 

0.1191.*-*.* 

0. 177*6-C2 

-0. I** 1 3— % 1 

0. 14471*01 

1 -0.10860-62 

0.146 r2«<:2 

0.92o13-*.2 

•0.2f9*i0*C) 

3.21441*61 

9 -0.18020-32 

•4,^*i) U-C2 

-0. 19»'4.»-0 1 

-0.2%%4 9-C| 

0.}979t*01 

4 -0.19960-';2 

-6. 12720-% 1 

). •2600- *12 

•W.IJ26.1-C) 

0.61481*01 

7 -0.19940-02 

2.44770-C2 

3.6li42U-o1 

-J. 1W26 3-C2 

0.91786*01 

0 -0.99)00-12 

0.721 !>*• I 

3.9..tO-g| 

•C-6ttC3-C2 

0.u176l*0t 

9 -0.989iO-Ci 

0.18922*00 

‘3.6lf6U-01 

-7. »99%rf-02 

0. ?14Ct*01 

10 -0. 13890-41 

O.1%6lj*00 

- J. 1 1910*00 

-0,6%7;3-C2 

0.21416*01 

11 -0.2229P-U1 

<1. I)i*3-Jl 

-J.24HU-01 

•v.OIVoO**!) 

0. 74771*01 

U 0.97816-02 

C. 7A4l.i-:i 

-1.19120-01 

-J. 12613-0) 

0. 13901*02 

11 0.0 

o.u 

0.0 

0.2l«6 J-C9 

0.U'>3U«12 

14 -0.24 290-01 

-<'.9H7j-*/2 

-J. 1076^01 

3.1.293-C) 

0. 13746*72 

19 -0.21783-01 

-0.19770-01 

0.77W9U-O2 

O.i6l/0-Ol 

0. II67C*01 

U -0.19249-01 

-V. M49J-C2 

9.99f*JU-C2 

0.l99CO-Oi 

<1. I260k*62 

17 -0.17863-01 

-0.976>3-%2 

0.6 )%0O-C2 

«).t66*ta-32 

0. 1)246*02 

18 -0. Ufdj-OI 

•0. I1713-V2 

0.9i1IU-o2 

0.l26ln-02 

2. 1 1826*02 

19 -0.16920-01 

-0. 12760-02 

0.90 J>»-U2 

0.I601O-C2 

0. I4J21*U2 


riA3 10. • PlCC • 7608 • 4Lf* • 


con 

0.0 

-2. 19640-02 
d.7l920'0« 
2.46672-02 
-2.96iyi^-02 
-2.12742-01 
2.96770-02 
2.6214^-01 
0.19120*43 
0.14670*02 
>.17«ly-0l 

2. 1UP94I*01 

2. 19Cy0*0l 
- •.7 /o;3-01 

-2. 206^14.02 
-2.»6olD*0tl 
-0. 1l4J0*01 
-2. 17719»2 1 
•J.«68*O*01 
rilOf • 


i 

•9.14102*06 
• 2. 16192»06 
•0. 12222*46 
•C. 10063*06 

-0. 67 1C^*v J 
•0.20272*02 
•0.22292*22 
0. 2VH4y*02 
-0.29262*02 
2. i;u22»02 
-2.69972*22 
0. 2199)*02 
2.6)762*01 
2.9997 1*02 
2. 69712*02 
2. n99)»22 
0.22721*02 
9.69209*02 

fl8f ■ 


8 

0.12780*02 
-0.96220*02 
0. 2*260*02 
2.22Mw*02 
*0.22910*32 
-C. 17190*02 
*C. J26»o* 92 
0. 19«.0*v2 
0.26170*22 
-0. 1962C*02 
•C.66»tb*02 
-C.2v9ll»*06 
-0. .'*9.”2*00 
-0.2H4C*02 
-0. 2»62C*4 I 
0.6«9-*U»01 
e,99iio*jw 
0.4169b«00 


r 


smjiun 
-0.62200-93 
•O.6690O-2) 
9.413UD-0) 
-9.211 20-02 
-9.6627C-01 
0 . 22220-02 
U.f 119^-02 
0. 17190-02 
-0.B9»20-02 
•0. 19693*0! 
0. 12963-01 
9. 16980-02 
0. 37470-02 
0 . 12220-02 
9. 1911i>-02 
•9. 20260-91 
0. 1806C-02 
3. 79020*06 
0.4|6a0*09 

If 6 


1 0.ftf4l740«0l -O.«6711fC*0Q C.O 


0.2407940* 04 0. 891441D60J 0.0 


soasTiucrgit 

Rsri 

III soir 

STI 

flNB 



1 

0.21094 )U 

• 01 10 1 

1 

0.1067000-92 


2 

9^)94807O 

•02 U 1 

1 

0.1100000*32 


SOBStlOCTOlt 

4616 SST 

800. If. SmiB 

uca 

400. rr. 

TIBS 

soBraci 

1 


9.UIM72P-OI 

9 

1 

0. 1060030-32 

2 

J 


0.846C87O-02 

11 

2 

0.136000>*02 

t 

soeoriocToit 

Lltw^lT 

8O0«l 5T8A16 

8608 

9081 

Ttac 


1 


8.24849C0-U1 

10 

2 

0.1060000-02 


J 


0. 1)06791-02 

•J 

1 

O.ltOCOOO-92 





traitB looT) 
•0. 22700-01 
-0.22000*02 
*0.11699*02 
0. 19220-02 

9.6091C-O4 

-0.2972D-02 
•0. 77940- C2 
-0.11920-02 
0.92020-02 
0.20006-01 
-0.12970-01 
-0.19180-02 
-9.174)0-02 
-C. 984 20-9} 
-0.11280-02 
9.78290-OJ 
0.22090-02 
0.20B7C-02 
0.22270-0J 


169 



isri*:r tii* i»o op t]h* cii.ii ii«c 


( 



rticpur 


• ij>i.ric cutftct 


f 


a. 


Mom iK?ar uto Pt4<s 

PMC ItPtTlC 

iMu lusric zk\iT,i 

IMw PLiCm 

Sf 0 *>i 9 la CLAS 


• C.ir0600g«OJ 

• C.%^Tu)b0*0i 

• 0.a0ii*« i0«92 

• V«e<»77^0tf*Oi 

ric :es?PAt»Ts 


0. m24ia*e3 


CTCIC* 11*0 


tllA 

St s 

’Al SO 

St S?a 2 so 

St STAS SO 

1 

• 0 . 27109-01 

- 0 . 10713-02 

O.ISSOU-OS - 0 . 1 <**| 60-02 

0 . 124 S 9-01 •O. 19 SOD -02 

2 

O.S 2173 -a) 

-j. 1 lS<,j -<.2 

-C.a 22 H,.-C 1 - 0 .s 7 s 2 t- 0 J 

• 0 . 2 CS 2 J -02 0 . 77010-01 

2 

• 0.121 9-02 

0 . lit »U- >2 

- 0 , 27 j.v- 0 ^ J. l 247-*-‘>2 

- 9 . 22 gJ >-02 O.SdOttO-OJ 

« 

• 0 . 7 diJO- 3 S 

-s. 74 1 19 - Jj 

-C.n 7 »U- 9 l - 0 . 117 S&-O? 

- 0 . 21 <I 4 J- 0 « - 0 . is 100-02 


• 0 . 2 « <7 9-01 

• 9 . m/ 0-. 2 

0 . 2 liUt-C 2 -O.J 7 ‘ 7 U '-02 

0 .«a 72 u -02 - 0 .A 0 S 70-32 

* 

d.S 71«>-02 

- 0 . 7 S 11 t )-02 

0 .<«Si 4 lwO 2 •w. 724 <l /-02 

0 .«Sa'» 0-02 - 0 .bS 12 t ^02 

7 

Q. 2 tfbO>Q 2 

•c .4 0-1 1 'i-ca 

0 . 4424 J -01 •o.aii^c-Ji 

•O.lSSSU -02 0 . N 770 - 9 J 

• 

• 0 . J 2 SOVU 2 

3 . 2 J 419-02 

•f. SU‘j»lw "2 li, 4 »»S»fc »92 

-O.Vitt JJ -02 0 . 7 i) 710-02 

0 

- 3 . i 17 S .>-02 

0 . o 7 «s 0 - w 2 

• 0 . O.H.j 2 H .,-02 

- 0 . 11219-01 0 . 11610-01 

10 

• 0 - 19 *i .>01 

0 . 1 1 >.j-gl 

0 . 4 tw*« 0-:2 -C.b/blC-Oi 

O.leSSJ-OI - 0 . 21129-01 

11 

:« 17 (i 7 o- 0 ) 


O.Mi)i<.-C 2 - 0 . 19 )«t ^02 

0 . 17 S 79-02 - 0.17 > 56-92 

;; 

0 . 2 «SS 9 -C 2 

•S. 2 * < 7 9 -C/ 

V. » 4 .l 2 t-C 2 -S.i 2 <Mff -02 

0 ,*j 7 i 0-02 - 9 . 42 J 7 t -92 

ii 

• 0 . JSSS 9-01 

-'*. 7 '*Mu-:i 

•g. 7 h jift ] - 0 . IJ lSt -32 

- 1 . 6 ) 420 -g> - 0 . 12010-02 

IS 

•d. 174 j> 0 i 

1 IM.,-s 2 

0 . 1 -a. fgt t>J 2 

1 . 5 <t. 4 J-gi - 0 . 21959-92 

n 

0 . 1 t 09 >Q 2 

• 0 . 2 bi*g-b 4 

-C. 20 J>^C'a 2 

0 . 11 b«ir- 0 l - 0 . 11600-02 

i» 

- 0 . l 2 **Sl^w 2 

0.174 1 

-U« l 3 SdO-d 2 V . 1 g 0 ' 1 l/- 0 H 

•a.SCCKHOi -O.tMJO-OB 

17 

• 0 . 77673 -vJ 

- 0 . 2 S'» 1 D-<« 

•U. 1 HHI.-CI - 0 . 2 iiuL -01 

- 5 .S 79 I../- 0 * - 9 . * 6750-01 

to 

• 0.2709 9 -CJ 

•C. «iJ 79 -l* 

• 0 .aaw 20 -u« -g.oltdS-ds 

- 0 . 2 Stf 2 C- 0 « - 2 . 2062>91 


CKU* 
STMtl IT 

11«0 

A 0 SirtaSA 6 POtbTS 

SI 

SO 

tl 


1 

- 0 . 10 S 27257--01 

9 .as<l<i 1 tt 720-02 

• 0 . 10551 ) 07 l»- 9 t 


2 

0.11 C«* 48 *l 0 * Ci 

• 9 . 10 J ISS 550-02 

d.l 10 3 S 79 eu -92 


J 

0 . 2 « 7912 * 60 - 6 } 

• 9 . 6 « 2 * 5 * 2 ia -01 

• 0 . 2 * 70 * 2509 - gj 


10 

0.C1M*U42&'02 
• 0 . tC|« 9 PI 2 C -92 
•e.l62o7i4pD*0J 


> ii«o TMc« 0 . u<)QQo*o 2 Tine ima iittiu tnpAcr • o.naiopi^o) 


t 

f f 

Ml 

C«I 

CQPf 


0.0 0.9 

-9.27S0O-v2 

-C.6*».*S-01 

6.0 


• 0 . 57 MO- 3 ) - 0.177 Jv-OJ 

9. i'.19.-02 

-;.AyJSJ-Ol 

a. m*(*oo 


- 0 .I 22 l 0-‘'7 g. 45 i;w-J 2 

0 . 22*.'>"72 

-9*04Ii/9-' 1 

0 . 15 * 0 i.* 9 t 


• O.ISbIS-v. - 0 , 271 Sy-W 

-O.ll-rt .* .1 

•C.o 5 luO-Ol 

O.2409C4O1 


- 7 . 2 «*/ 29-32 -!/. 1 «/jg -0 

- 0 . lO.'SO-gl 

-t . 90*1 9 - 9 > 

9 , ) 497 t . 01 


- 0 . 17079 - 0 / -C. 1 S 1 .. 3 -C 1 

J. H /4 1-01 

-l.-iSIOg- I] 

9 . . 1 '»St*Cl 


• 0.6 21 / 9 * 1 .' O.l**oo-nt 

0 . 1.M7.-0! 

•:.*24 )J-C 2 

0 , 5 * 7 *£*Ot 


-J, 1l67i*<;i J. mdg*C0 

0 . /o 1 l^-g 1 

- 9 . >• 7 #* J -.2 

0 , 64 wdt -*1 


• 0 . 1 S 2 '’l --'31 0 ./J 9 S.,.v 9 


- 2 .H 2 «. J- 72 

*. M*»S -»01 


-y.l 7 g» 5-31 r.iS 9 ly«u<l 

•o. 12 l 7 J-tO 

-0.6Se/J-C2 

9 . 450 1 C»U 1 

11 

-0.2*07 J-C1 0.4 222 w- 01 

-O.2-"0I--'1 

• J.bS 179-01 

.. 4 *7 U-C 1 


0 . 700 / 0-02 />./«<« 10-02 

-t. M'» 09 -OI 

-V. 22 SJ 0-01 

0. 10* •*9*:2 


0.0 9.9 

O.C 

0 .u 1 i* 7 j- 0 « 

0 . HSCl*C 2 


•O.i 1 » 10-11 -g.j>faS0-v2 

-C. 2 ‘/S 1 g-JI 

-C.S45.0-01 

0. 194*5.07 


- 0 . J 022 y-Of - 0 . 2 M 43 -gl 

- 0 . jg. 7 c-r/ 

-V .6 0 1 1 0- C 1 

9.ttn7i»02 

1<> 

-n.27*IJ-fi1 -(/.1blH«-Ct 

0 • 1 '/• d./-g 1 

-C,f*S 1 S -01 

7.1/4U-02 


-0-29*7u-Ol -0. 1046j-’2 

0 . U'lg.,-gl 

-V J«»-0 1 

k'. 1 I| 5 C *»»2 


- 0 . 2 SIS 9 -C 1 - 0 .S‘JS »*'»-02 

i>. ogvJk>-0- 

- 0 . • 7 J « 0- 0 1 

( . 1 l<«U*02 


-0.2*6/6-71 -O.»*9l0-J2 

0 . 74 S 0 O-U. 

•J « 10«b9- 91 

0 . I* 12 t-v 2 


MAC SO.* PSUU * 

rcw* • 

ALTA • 


con 

v.O 

•U.iP7iO''0 I 

-V. U75»0-ei 

-C. 

J. I4#0'3l 

V. 

%, 20v7«>*0'l 

(>« 10 I w*9l 
0. IS JOO»OI 
-V. 7JfcJV-0l 
-c.jiv- J*00 
•«,»7029»09 
-v.ll^*.#*01 

•0* 24oUO«tf 1 

MOV • 


I 

•0.2i*nb»0i» 

• 2* 2b2i »*0* 
-0.27«Sj*»* 
•9. 

-O.lSbS^OW 
*0. 2«> 

-0. 2.’05 )* /« 

• 0» 

'0. titloJ* 
0.'*1 

U, 117»9»vU 
-0, ISM ?»./«* 
•0, I2« ft/*0 * 
fOnlO'O* 
- J. 7dl 
-0.«70.V»0» 
>0, I2»4b*w ) 

PIPV ■ 


A 

•O.MUO^Ol 
9» J1^«0»J2 

-:.02I*J*02 
•J. >27SP*9J 
•0.4 )7J9»<>) 
'H0Sw*'72 

0. 

0 MlO..>*.r) 

•O.d/7l5*oj 
•O.^bl0U»O«* 
•0.»27o.»0l 
*0. ^»kVO*02 

-C. 

0. f 

0 ..’U 0 JL>*CI 
0»0S»9i^'‘0 t 


StMlNd*} 

•0.h047i>*,| 

•2»a»»29>:2 
•0. lu »0l>>02 
•J. •b>/a-oj 

0. SS44D«J2 

o.fc»i3a-« 

'O.efrjju*:. 
-3. I JlsO*.*! 
0. 1 l92D*/l 
o.«oii;>>;2 
0. i»0WD-32 
-0. j>708-.'| 
•). 1U4db*42 
'0.0 ls<« ()• >4 

'0. M'litO'w) 

'O.JO^kB'd* 


O«ddTlO 7 O *01 • 0 .«n%SlC*Q 0 0.0 


O.2OO79«e»0« 0»09tMlD*0) 0»0 


IQlStl OsTOtT 

43 TS 


Tie soar 

STI 

tiai 



1 

0 . 210 S* 1 S 

-01 

10 1 

J 

0 . 1067000-02 


a 

0 . « 1727 Sb 

•02 

12 1 

1 

6 . 1160900-02 


SQssTi ocToae 

LAf.PiT 

iro 

, PT. STNAia 

SIPA 

100 . PT. 

Ttat 

soaPACi 

1 


0 . 

1 JJn*it^U 1 

9 

1 

0 . 1060900-0 2 

2 

2 


0 . 

1 10 *« 5 r -02 

11 

2 

0 . 11 * 0009-02 

1 

SOvStaOCTUIS 

LAI.CST 

loML SIAAl* 

igut 

SQiP 

tiak 


1 


C. 

2 *H«son-o 1 

10 

2 

0 . 1060909-02 


t 


0 .«» r 52 S //-92 

•2 

r 

0 . 11 * 0900 - 0.2 



5MAtt(OOn 

•0.»7b2»*3} 
•J.2U)B*02 
0.)6UO'02 
•0. i097B>0« 

•o.ns»c-c2 

•0.7Ut0>02 
-O.SdOlO'O? 
9. V7« 10-92 
O.0?bSO'O2 
0. ISISO'OI 
•0.12319-91 
•0.21126-02 
•0.«S320-02 
-0. 117 19-92 
•0.2AAOO-02 
•O.0OO2O-OJ 

-o.}is«e-os 

•0. JIOID-Ol 
-0.2bOSO*01 


190 



tiMCT Ml. i flu ctcti: -ii«« -A-iCs fO raAb 


oisT4i(.i e.aifvbi^ei 


liCbCf ato> «OM< 4T riir< nr tint ciclc tmo 
rtiUSVT IllSiTlC L»l«&ff 



1 



C.1J2<4bab«o« 

MJM 

irrur xato itm 

• 

0.«112QfU*0J 

axac 

iia^nc 

fivrfsr 

• 

b«niu57o«}j 

tiac 

lusric 

raf r.f 

■ 

Q. Uin iato*o j 

tcac 

n«2ru 

MCMI 

■ 

9. 1VA*t».(ib«0 1 


lilkul sfnfco li ftbftirii. htSTMAIXi^ • 6.Sf««4S0*0i 


mn 

SI ST&t SO 

SI STAi so 

SI ITAJ SO 

1 

-0.fY«S>0J 0.«120 9>0J 

-d. l4q7w-02 

a.1l5l>92 

-0.2*avfr-02 

0.22«70-03 

3 

•d.2?11j-0i 0.1*I'«1J«U^ 

-U. 1 IV4&-Q2 

%.b)20 0-OJ 

-0.5S75>CJ 

b.l.5**9-05 

3 

-9.7*299-01 C.2n*J-9 J 

-C. 122<.t-«2 

0.7«liC-01 

-C.17C5.»-«2 

O.157.00-92 

a 

-9.11412-02 S.IHVj'Oi 

0.1l7C./-4^ 

-0.115*9-02 

0. J7tf 50-02 

-0. J2290-02 

5 

0. *95711-02 -?.*']’<<iO-''2 

C. 577/2-02 

-rt.5j*«*C-02 

9.*5*ft0-02 

-O.*0*99-02 

4 

9. *120.^02 -0.55IOJ-C2 

C.5)lbO-C2 

-0.O«m-92 

0.«*75o-02 

-0.i$ Jb6-02 

7 

9.229-OU2 -9.lMdi>-92 

*(..Af5»C>0j 

0.21279-0/ 

-0.17i00-92 

u.bJ5l9-02 

1 

-9.27520-02. 0.5)71j-J2 

-0.2WU/9-02 

O.ilOaC-02 

-0.75579-Ci 

9.271)9-02 

9 

0.*7VJ>92 1/ 

W-U2 

0.772f>C2 

-0. lAOOVOI 

0.2*5lC-0t 

10 

-0.29979-31 e.Hlir >-)1 

O.'/it lO-'»2 

-0. J«iO«*tK02 

0.2rj7j-01 

-tf.«i729-0l 

1 1 

(l.*7d7>VJ -0. Miiw-Ol 

C« t40 t*-W4 

-U. to 421*^2 

6. 2<7«b-6i 

-0.22 100-92 

12 

U.i«25^02 -O.^^iuO-Oi 

0. J* jUC-'J2 

•Q.llwlo 02 

0.*i* JO-92 

-U.i*l<nD-U 2 

IJ 

0.2*«JHyC2 -9. 2J55J-V2 

(It 15 2->/2 

• ./OiUC-O 

-9. »*459-2I 

0.17JC9-92 

1« 

0.l719>-9i 9.1U5J-12 

0. 11«<2j-0 ' 

0.*232>*9J 

7. 1/i»>o-02 

-U. 27*61-01 

t» 

9. 1a«5^02 -0. Mv59-2i 

9. W<«C-02 

•0. >257# t-0 ) 

9.2*MOO-d2 

•9.72o*0-9i 

U 

U.1M1>0i -9.7«5<>>9J 

C.*b i5w2 1 

J.«t HC-CJ 

-9.57i/C-0J 

0.15«6C-92 

ir 

•0,9JI7>0} f.li:*0-J2 

•C. l7‘/*,-2i 

0.92«#‘»C*9) 

0. t*J29-92 

o.iiioc-oi 

u 

0.*«f19-22 -G.92*4o-9« 

b.25fUk»-gi 

-c.f9oac-o« 

0.1I170-9J 

0.12159-0* 

CfCbf 

• 1199 





IfiAif 

4f sfioiTioiii roiafs 

S2 


SO 



-J.f 2<niw)«4&«02 
0.1«6092«7»-02 
6.3TYtV0)Ce-0i 


-d*t»‘>2;diJ0*02 

-9.2»i}6flI9-02 


•0.92f1222C>>02 
e.1«$f9S9l9»Q2 
O.J7b 907U9^0i 


90 

9, ie;ii7««s>^9i 
• 0. 1U9))UOO*03 
•0.2«2S4l»t»'02 


Jm 1199 Ti1(« 4.119Q99-0: TlCi Aftla ISX7Z4L lOMCt • 9.21220»D>0J 


I V 

B 

PSl 

cat 

cor 7 

copt 

1 a 

STtaiB ixa) 

STBStHOO?) 

1 0,0 

0.0 

C. 11*60-01 

-U. ICndO-Ol 

0.0 

0.0 

-0. 1)909*0» 0.1>no*ll 

-0.67070.01 

9. ia*5>0J 

2 -0,)J*t9-9J 

O.T1(*2r-92 

-C .6Cl« b-O* 

-0,11'»*7-0I 

9.997n*00 

0.71*23-02 

'W. n9dO»r.M 9.2C»7J*M 

-0. *9510-02 

3.222*3-02 

J -0.6<*913-7J 

0. l*2*u»-0? 

-C.5iajb-02 

-5.15C20-0J 

0. 179*11*01 

0. loZiO-Oi 

-ii.510*3*vJ 0.l6*bO**J 

-0. 51190-01 

-C. 11820-0) 

a -w. 9*579-01 

• 0, iribs-t 1 

•C,17(.-l-wl 

-C.2C»7tf-fl) 

7.2977C*01 

-0. 1UU>..-C1 

0. *0649*1,1 •*. 16«*,’ t* v3 

-0. 1H7SD-02 

3. 175)0-02 

5 -0.975i:-Jl 

-9.254’*t-ri 

-l.,57V7J-v2 

0,lj77j-01 

0. J499t*0t 

-0.2597.4-01 

0. 1076.*-;'* -3.5*870*5 J 

0. *5Oe0-02 

*v. 1775C-02 

9 -9.91570-9) 

•0.4«729-w2 

0.W572W-71 

•0 .UC710-OJ 

0.6J79t*01 

-O.462ft./-02 

0.19*2u*9« -3.14959*/) 

2.65770-02 

-3.61050-02 

7 -0.i211C-32 

0.**71C-V 1 

0.*727U-vl 

-C. *.99 7-02 

).5M7t*01 

0.6*710-01 

0. 251V0*-'* 0. 1)219*3) 

0.17045-72 

-0.20270-02 

a -0.69V90-02 

0.15**0*07 

1 .75710-71 

• V. 1 J9I0-02 

).697)k*0l 

0* 1!»7tJ*00 

0. 11219*),* 0. 15210*31 

-0. 166 10-92 

0.66160-02 

7 -0.75*10-j; 

0.11 i: *i.o 

0. 17*0. -J1 

G.«e290-Cl 

5.7*921*01 

V.21 >90*00 

3. 1217;*. » 0.1o92C*3) 

0. *1*90-02 

-0. 17750-02 

19 -0.9717S-C2 

0.122U*"'’ 

-C.1‘'2J0*^U 

0. J.W3-72 

0.«*9K*01 

0. 22.)O*00 

0. ;il*‘3*w* -0.11795*3) 

-0.25200-91 

0. *2173-31 

n -0.27759-71 

O.l.’iu-wl 

-0. 2*6 Jv-%1 

-v..5j'>9-OI 

0.97101*01 

0.22210-01 

•3. iei5:>3 1 -0. 11*20*. <i 

0.21710-01 

-0. 21500-01 

12 0.*9*J9-72 

0.4J11C-02 

-0. 1(t*<« j-0 1 

-0.4*.5mO-0) 

9. 17/9r**#2 

0. 1OU.#»01 

9.175*5*0* -0.25520*)* 

0.21b05-92 

-3.21J9>02 

11 O.U 

0.7 

u.e 

0.16*40-01 

O.M59C*32 

0. 150JO*0 1 

0. 1)517*;« -0. 17«30*92 

0.65*50-92 

•C. *2550-02 

la -0.11179-01 

0.4l'H9-02 

-0. I4U93-C 1 

0. JSl29-*J 

0. ni4»C*v2 

— C. •*» 0 1 

9.113H5*3* -3.b752[*M 

•3.5bl99-01 

0. 155*3-02 

15 -0.29573-01 

• O.lklOb-OI 

-0.97573-02 

0.*550a-0) 

0.11OdU*02 

-0. 10 -0*00 

0. 10975*3* -C, n<i20*C2 

0.18753-02 

-3. *69)3-0) 

1* -0.2*109-01 

-C.ll i^b-GI 

C. 1.2U-UI 

0.527J9-CI 

0. 12*71*1.2 

-0.67270*09 

0. 20590*0 1 -0. 11590*9 1 

0. 22150-02 

-0.69023-0) 

17 -0.21*99-01 

-0.1J71O-02 

0. 1*u2j-01 

0./4*«0-CI 

3. 1119(*V2 

-0. 116.0*31 

0.«*4*b»31 0.1l5Jl**32 

-0.ai;«0-0l 

3. 162*3-02 

19 -0.22J«D-91 

•C.1**Mw-72 

V.56MO-02 

0.2 1*29-01 

0.1M10*42 

-0. 17?2J*0 1 

9. 12690*01 -0. *16)0*31 

0.60720-01 

0.61J«3-0* 

19 -0.21779-01 

-0.12750-02 

C. «70JU-02 

0.69 4.4-C« 

0. 1»J2(*02 

-0.26429*01 


0.159JO-OJ 

0.5«7*3-0a 

raic BO. 

• fCwO ■ 

rcwd • 

aira • 

raoi • 

rtii ■ riA 

1 • 


t 

0.9075920*01 -0.1Ba5«JC*C0 0.0 


S.256l>4 0*06 

0.5527640*01 0.0 




SOBSTl OCTOtS 

• STB 

lir suaP 

STS 

lIBt 



1 

0. 16I1J70-0 ) 

10 2 

1 

o«tiaccoo-oi 


2 

0. *516010-72 

12 1 

1 

0.1 176003-02 


SOaSTB QCtOlt 

LU«esr ACP 

. rt. STBila 

IU0 

ton. rt. 

fiat 

soapsci 

1 

p. 

1 11>»9U*-31 

9 

1 

0. 10*0003-02 

2 

2 

0. 

l«6*92V-U2 

tl 

a 

O.114OC00-02 

I 

sorsTfucroti 

kU3*St Bu9*l STkAl* 

BMOf 

soar 

flat 


1 

0. 

«21T17b-01 

10 

2 

0, 11*0233-32 


2 

6. 

*615)51^02 

11 

1 

V.1UQ00O-02 





191 





lAfAcT 


1 

tin* 

0.l217iiAi».ui 

fiUI ia<« 

CtCLt 

tail 

IAaO 

19 

rtitf 


OiStAtCt 

0. lOaiAtOtOO 

iP/Aif 

9U« 

• 


0« taAWlAU-04 


rti Lf 

ta*i 

At AO 

10 

II AO 


01 St A ICO 

0 .«a<AUD *00 

trrAcr 

«0. 


rin< 

0. la 

0UI 

crrt* 

tioa 

2L20 


riAo 


-pjsntct 

0«-05IA«A0«49 

lAPACT 

«u. 

« 

Tt2J 

0. Mi7SCl(-Oa 

fiOtlaO 

CTCiC 

taaa 

*uo 

ID 

MAO 

1 


O.A5J$O70*OO 

irr Alt 

•a. 

7 

Ti«r 

0. ii/aaiu«ua 

flOfcias 

CfCAC 

U7i 

CiC« 

10 

roAo 


otsrAico 

0.7J«f5i0*00 


tfiitff 110 tfoii At rni lAO or tmc cicbi it«u 


riAsACrr 


iiiitic kieoMi 


1 


0.10tt110«Q« 


i<1IK tvi'U? titO *110 
2[lti* KtttTlC 
ilic !LAsric 
ic«s KAsrcc vo«« 


0.67A |J60«0J 

fc. tt^«j7«0*Oj 

0 , 

U,«074t70«dJ 


liCKuT S104t9 It AUSriC AKSTItltTi 


0««1U0I0*C2 


tiaa 

SI STA1 SO 

11 ITtl to 

SX SfAi to 

1 

0.1«10>0l 0.t«A20«3) 

C.7U I0>01 

0.1«730*01 

0«$6t1f>*OA >0.013AD*01 

2 

0. 1 ntj-ei -9.t5«7o«i j 

C.**2-tU*CI 

-0. 77170*01 

o.tmu*ai •o*atioo«-4i 

3 



*o.aj^.«a*02 

a.b4la0*02 -0.30170-02 

• 

0.t1>«A}-6i *0. 1 J 

9.i*5l4U*02 

-w.ii'iiT-oa 

0.17J50-02 -0.25J«0-02 

S 

-o.]5ioa>)2 


*t«. JI7}C-0i 

Q.OJSojOa •0.t767C-02 

A 


o.7g>nti>oi 

j 

•ii.2UtyiJ v.«2700-02 

7 

-O.A'lO«>-72 O.I<i])>Q] 

-o.ti<taio*ji 

0.tJO7C-O2 

-o.Si.t4to-oa 0.11490-ai 

• 

‘•0.biJd>C2 


'i.iJii j*oi 

-9. 11.740-02 O.tAuOD-02 

t 

g«5l«iA.-92 -U.1)lcJ-92 

C« *d 


0.2i7eo-02 O.ltsAD-OI 

10 

• O.lobi't.gi 0.)H)J*91 

C.lOWw-JA 

-3W5#t;*02 

0.2«1«0-01 -O.llOlu-OI 

t1 

o« ti'<i j«vf *0. t:4»j-o2 

3. JJ 

-0.« K1>0I 

•0. t«5t0-0| -0. tOT«>>02 

u 

•0,7l)7>wJ «c* I21«A*0) 

0.2j'i0ii*0i 

•a.a33flC«02 

Q.%mi-02 •0.1«I4D-02 

1J 

0«301'*7«02 

C.29«ta(»-02 

0. laxotKOx 

a« 7«««0-0J 0.10600-02 

1% 

U.1b5Av-92 O.Jb«J>OI 

C.lti UU'92 

V.Ui7e-02 

0.1ai7*>-01 O.I2«6;p')2 

1) 

•y.2‘H|3-9* C. 14 U(-C2 

C.4/ jt„.0] 

O.fcOboC-Oi 

-3. tC2»e*02 0.1*669*02 

1A 

o.ioi7j«;a 

U«2.47S*3a 

-0.oU7>.03 

0. 15019*02 -0.17255*02 

17 

• g.4ibij«cj :«7ft4^c-oi 

g« t J7 IC-C2 

C. l.taC'9) 

0. IC77.»*g2 •0.i^*50-*)2 

10 o.iitae-a) •o«iji/o*o2 

CTCLS* 1590 

97AAIA AT AOOIMOtAl rotfTI 

•g.623Mb>0« 

sx 

0.7UUO-0J 

-0.21100*02 0.11670*02 

SO 


0«7«»9f >«JO*OJ 
0 , l77Ju7«0l*C2 


0.707>ri>7«0«0i 
•0«4lb4i 
•0.29t IU««C*92 


0.154J1AUO-02 

d*7tb»4AI9VJ7 

0.177n0S72-92 


to 

o.A9«Sia2aD-o2 

• 0.«1691tiaD'0J 

• d*2SaU0}7D-02 


j« 1»«4 rtif* o.it«7gwo2 tiflc irtin iiitm inrAcr • 9.s7227<io>0) 


1 f 

0 

rsz 

CKi 

COPf 

con 

i 

■ 

SttAUiZai 

STAAIKOPt) 

1 0.0 

c.o 

-9. f«OA0*O2 

0. 12979-01 

9.9 

0.0 

0. 19700*Ot 

-0. 59*00*22 

*0. 112 09*03 

a,4tJ2D-03 

2 0.2*02D*01 

-0.19610-C2 

0.5*2Jo-cl 

-0.*15*»3*9] 

3. 103OC*OI 

-0. 10* ID-02 

9. 11199*0* 

0. 1->'.5c*31 

0. 25I29-9J 

-0.10920-02 

j o.ij:40*'7 

0. 15750-02 

0. 

C.51t»j*02 

0. .‘.cot. 01 

0. I>7>m-92 

9. 91250*02 

-e. *3779*22 

9. u«ic-oa 

-0.26l«D*93 

A 0.61j*0*7i 

0.1«17A*:i 

0.:'7IJ-J1 

S.**.*>}*9} 

0. l23OC»0t 

0. 1*770-91 

0. 1b*«O*04 

-0. 171U*31 

0. *7279-02 

•0.11O2C-O2 

i 0.25750*01 

r,5»*4u-vi 

6. 57- ij* .1 

-0. 10 j’»2*02 

0, *20Or* 21 

a.57««0-9l 

0. 225ao*w 2 

-0, 177*. *01 

0. 35700-02 

-0.229A0-02 

A *0.22*20*22 

0.tl269«C3 

O.'.TOaj-.M 

-0.4 j7 10-32 

9.**65(»9« 

0. 1). .9*93 

9. 222l9*g« 

0. 17269*32 

0. 5«O»0-O2 

•0. *7198-02 

7 *0.7i5J0*v2 

G.2l7*3*w2 

O.S6viC-u1 

*3. i 9b J3-<J7 

9.5 «9 11*01 

U. 2J7*g*00 

1. 22160»07 

0.51559*32 

*0. 2*179-02 

0.601JO-02 

0 -0.771*0-. 2 

0.214CA* 2 

0.3110w-j2 

O.OlXoJ-C* 

3.*i72(*9t 

0. «9«j0*90 

0. 1*779*0* 

0.26v69*9| 

-0.7.J50-02 

0. 11500-01 

9 -0. 75t>49*12 

0.75%6a*00 

*t-v1 

-0.* I**9*3I 

1. »*92.*01 

D. 255*0*09 

0. 21950*0* 

-O.26l7b*0J 

0. 31219-02 

O.ASWD-03 

10 -0.***lO*v.2 

0. 1 J75J*«0 

*0.19172«00 

o.*3*7?-'i; 

t.A445C*01 

9. 16799*90 

0. 1')ol9*0* 

-9. 790*9*02 

-0.91*10-02 

0.3369C-OI 

11 -O.ltblgx.l 

0.1IS4--C1 

-).1«*JJU*2l 

-0.11 7<.3*J2 

■2. IMO..OI 

0. 175#0-C1 

9. 17150*0* 

-0.*i;i9*3S 

9. 1<»9*0-91 

-0.29979-01 

12 0.6527c-:2 

U.»i2A.*02 

-C.llOlC-Ul 

-C.1 IA/3-32 

0. I0925»v2 

2. 19105*01 

0. 01679*02 

0.2JJ2;*01 

•0. U17C-02 

•0.7dltC-0| 

1i 0.0 

0.0 

<3.0 

• w. 1 JJi.9-32 

0 11591*02 

9.15000*01 

0. )J9t9*0« 

-0. 17«6^*02 

a. 6 * 20 o-oa 

-0.70996-02 

I* *0.2U/aC*. 1 

C.10WA*b1 

* 1.2*070-02 

0.615.0-Jl 

0. 17*5;*02 

• 0. *2140*01 

0.27120*0* 

-0.2J«JS*01 

0.*2*79-9) 

0.51058-01 

15 -O.XICno-CI 

g.6t« l«* v2 

-i.iCyI;«02 

0. IS*ig>OI 

0. M»73*V2 

-0.21710*00 

0. iXOvT^O* 

r.2*7l9*32 

-0.5:2(0-01 

0.7*306-03 

16 -1.2J7.’t>- 1 

*C,*6^49-f * 

M 


2. W«A;*s.2 

-0.*6 1*9*00 

0, 12l6O*0* 

-0. J572o«\W 

-0.744S9-C3 

•9. J31«>0S 

17 -9. 17610-Cl 

>r. i4b »4**ui 

2.*6 J IS* J2 

•C.J lw*>*Ol 

0.111 *.*.12 

*0. 11<.«9*01 

0. 70279*01 

•0. I171D*U2 

0.2 JJ*t*01 

•w.65019-03 

IS -0. 15200-.I 

• i'. 1 

0. 1505. *01 

-0.1 1 1.3-32 

0. 1191. *02 

-9. U11c*01 

0. 6*599*21 

0.76170*01 

0. 5*410-0 1 

-0.25576-02 

It -0.151tO-Jl 

-0. J7J60*0* 

0.02659*0. 

-0. 1 1tf 11-02 

0. 1*120*02 

*0. 2*«70*01 



-9.306 5 0-02 

0.9321^3 

ruG 6a. 

• fC*0 • 

rc6* • 

AAfA • 

PtOf • 

rtiv • 

MAP • 


t 

0.t90tjl0*01 *«>.5«6525X*C0 0.0 


0. 2202129*0* 

•0. >990310 

*03 0.0 

' 



SQPittaCTOPI 

KST9 

US SHIP 

StA 

tIRI 



t 

0.5/70120-CI to 2 

1 

0,927*000*92 


2 

0. 127*620 

•Cl 12 1 

1 

O.1AA4C00-O2 


SQ(k>TigCTtllt 

kAI9*Sr 

iro. pf. 6r*Ai6 

urn 

AOu. or. 

Tini 

S09PACI 

1 


C.WwI. 71-01 

9 

1 

o.tioojoa-02 

3 

a 


0.1«2«l5u-02 

11 

3 

0.12*0099-02 

% 

SQt> .i«UwT06S 

k*r-.*^x 

*('.11, 6t2Att 

6bU* 

,otp 

Tin. 


1 


V.6«Q3121'-01 

10 

2 

0.1100000-32 


2 


C.1 ri42bU-U1 

11 

9 

tf.lWOTD-02 



192 





Iirtei 119 M«li IT Trfft 00 Uf TUI sKit !)•< 
rt»a«itf luittc isiigt 


I 0«tM*fU*0« 

Mts tirar t«r«> iii« • 

•fia f(i«rcL • o,0ft7riiQ««j^ 

•10^ nisric 2 «» 4 <:f • 0«0dj)iij*oi 

ittc rusrtc «oo« ■ 

IMiaf STUkfa !■ fLAStlC iKSttlllTl 


0«im0}0»O2 


tll« 

It stoi so 

01 Sfli so 

St mi so 

1 

•O.laaiC-Ol 0. ima-OJ 

0. f«1ky-<JI 

-C.«JdOC-OI 

4.))ii0-oi ^.tiaa-oi 

J 

O.laatO-OJ •0.2«‘)dj*02 

O..JJ<IO>02 

-C.2«)2>-02 

0.27122-0^ -0.2«)ie>9i 

s 

0«212ftO-C2 *2.iJli)-U2 

0.11%b«J-U2 

*«.aCidb-0) 

*0.11110-2) 0.«4S20-0i 

• 

O.aJOI0-O 1 0. 

0.«MJy-O2 

-U. lMtC-02 

0»)42«j-0i -O.iil0>-Oi 

s 

0.012.*0-0/ «7.i<«fJ9-0i 

0.4«2*«*-u2 


o.id/*o-o^ * 0 . t4>««e*02 

0 

0.i/»4O-Ci 

C. t2<« «0-u2 

-C.*t«ft7c*01 

0.12 iws-oi 

T 

•O.l40«0-0i J.aof«2*gi 

*C. H)(t*>-u2 

0. K420-01 

*0.1»«*0-0l 0. U 122- 01 

• 

•o.a)Uo -02 o.i^na-ot 

*C.b244l-g2 

0.)‘)Ji0-02 

*0.iet»0-u2 g.tH13*02 

t 

0 . l>7l9-02 - 0 . 2 **a.;-i ,2 

C. J»3i»-02 

0.2<.>«e*02 

O.imo-0./ 0.1UJ2-2I 

10 

•0.1077O-0I C.ir4la-0t 

e. Jl7/0-<J2 

-0. *)I20>02 

0.1t1<»0-01 -0.i7t«t-0l 

11 

9.)217U-0I -O.ft^aa^-CI 



*0.91170-04 -0.s«i»12-03 

12 

*0.12110-02 C.1ni/d-2l 

C. iSiitj»Z4 

-0. 27H4C-0/ 

0. )«a*0-J2 *0.)l4v9-22 

fJ 

• 0.aH*O-0l 0.114%.>.j« 

0.9* 122-Ov 


0. J«)*0-2I *2.1«1fO*22 

10 

-0. ii«;o-u2 -o.is.9^04 

*d. I2i.t-U2 

•g.l42i6-01 

0.2d7ig-0l -0.2J«)2->2 

1) 

0*)«4«.'0-0i -0, U^OJ-02 

-O.'ta^od-y J 

•o.49iic-oi 

-O.I)«)0-9I *0.i>2J1'^2} 

to 

•0, J011O-O2 2.2 77wC*'J2 

-0.J‘#2)0-22 

0.9u<iiC>-01 

*0.17190-02 0. l^lt..-22 

IT 

0.11jk0-02 -0.i:)4a-2i 

0. tao22*y 1 

-C.ii4O0-O2 

0.»7H2C*01 *0.21<*«2'22 

10 

0.i«i«0-0i 

e.2doa0-2i 

•o. Jill0-Oi 

O.J^IIO'OI -O.J6i72-J2 

'CICll 

• 1)10 




STIUI 

ir isatrtocib rotots 

St 


SO 


0.]<^e(i6bTtt0>02 

-O.)01dJl^da>0) 


0.26lkOft7«a-)2 

-7.5«*^»2ttC-CJ 

9«i«Jia27iO-ai 


O.3ST0194ia-O2 

O.3799SS0«J-Oi 

t620k»-03 


CO 

0.2*U«271»>02 
*0. S9*7S2tk2'0i 
0.2«J2Ulkfr-03 


1)10 ftflC* 0.1)0200-02 ttoe crtcc iltrxtl, laooct « 0.41220«9-02 


1 « 

0 fSC C 0 ( 

eo 0 f 

CUT* 

L 0 

srtcts(tf) 

sttixo louri 

f 0.0 

O.U 0 . 19732-02 - 0 . 

49 l 40 *d« 

0.0 

0.3 

• 0 . 10 WU 4 O 7 * 0.70000402 

• 0 . 77 ) 40-91 

O. 17715-01 

2 * 0 « 2 « 119 - 0 J 

0 . 21 ) 23-32 0 . 9 ))U .- *2 - 0 . 

d 2 l 2 S -03 

3. »)MI*00 

0 . 21 ) 20-02 

3 . 11760437 -O.l 70 )U 4 O| 

0 . 749 ) 3-31 

* 0 . 11110-32 

3 • 9 .)«t« 0-23 

*.l 44 l (^\.1 C.tICJU-ul * 0 . 

2 M 33-03 

3 .ng>t*)i 

3 . 14 « 10>01 

3 . 1934341)7 * 3 . 1)723401 

e. 2 ) 373-02 

* 0 . 2 » 22:-33 

« * 0 . 4 f 4 )C -02 

0 ,«J 7 fy-OI 0 .;SC 12 -' 5 I -b. 

207. -01 

0 « 277 K 4 i,t 

2 . 70 ) 10-01 

3 . 0)99 04 0 2 * 3 . 190 ) 043 ) 

• 3 . 2 ) 323-01 

0. 712:0* ;2 

) * 0 . 1 ) 1). -13 

b. 7 ‘* 449 .C 1 0 ,«« 22?-01 0 . 

ii*t 13 -n 

3 . 1 ) 77:431 

3 . 77 UO -21 

0 . 1772040 % 43.3)203493 

3 . 47760-32 

• 0 . 39130-32 

4 - 0 . 22)«>02 

0.14113400 3 .d] 4 ty-w 1 -w. 

>244 1 . 1-02 

0 .<»»it 40 l 

2.17110400 

3 . 177:3407 * 3.27940432 

0 . 24 S 20-02 

-C. 1 ) 9 » 0 -O 2 

t - 0 .) 7 il ?-02 

c. 211134)0 o.'ttiJb-n -y. 

49 bJ 3-<.2 

O.))y«t 40 i 

0.221194130 

3 . 216 * 3 *U 7 0 . 47 ) 7 . 4 yl 

9 . 47 ) 7:-91 

0 . 217 . 9-32 

0 -o.*)«i :*02 

C. 21 A 7 J 410 * 0 . 1731.^01 0 . 

lik »«02 

7 . 4933 t 40 l 

1). 29 A 404 O 9 

3 . > 270047 J 0. 27610433 

• 3 . 132 ) 0-31 

9 . 1 ) 103-31 

1 * 0 .<l«l)C -02 

3 . 221 ^y 4<.0 * 0 , 04410*31 -C. 

i 4 <> 7 v -02 

9 . 7972 t 491 

0 . 221 U 3403 

3 . I 467 |)*u 3 • 0 .:al 9 j 49 i 

0 . 31 ) 70-93 

* 0 . KbbC-ia 

10 * 0 , 72111-02 

0 . 144)3403 -C.II.'.O-yl 0 , 

H 473-02 

3 , 17 ) 1 ( 41)1 

0 . i« 4 >d 40 o 

• 3.17623407 * 3 , 34 ) 73.02 

- 0 .i:i 73-02 

0 . 271 ) 0-31 

11 * 0 . i))«a* 2 1 

C.tyt«C-CI - 0 .I 291 J- 0 I - 3 . 

IJM/O-OI 

3 . 774 «. 40 t 

7. 17 fiiO-Ot 

- 3 . 12)73407 43 . 2774001 

9 . ll/) 3 - 0 l 

■.O.I.m;*)! 

12 0 .) 4 » 41-02 

C.b 974 v -32 - 0 . 102»;-01 - 0 . 

a 9 ’')iH 33 

0 . I 9 ) 9 (*W 

a. 10 193401 

• 7 .: 12334 Q 7 0 . 422404^1 

- 0 . 1 U« 3-02 

• 0 .H 96 t *.3 

13 0.0 

C.O 0.0 -* 0 . 

11 1 . 2-02 

0 . 11 ) 9 ( 4(2 

0 . d:o 343 i 

• 3 .)) 44 e 403 - 0 . 114)0432 

3 . 37 *) 3-')2 

- 0 . 417 ) 3*02 

1 « - 0 . 11119-01 

b. 1 | 0 iO -02 *u. 4 flb 1 g-ji * 3 . 

14 'i* 3 * 0 ) 

0 .t 04 ); 4 j 2 

- 0 . 71710-01 

-O. 2 J 429407 - 9 . 024)0471 

3 . 22 ) 45-07 

-o. 7 ))«:- 4 i 

IS «g. 

-C. 4 l 71.-72 0 .l 2 Jft --02 - 3 . 

) 0 i« 3 -Oj 

3 . ll*)t 4 C 2 

- 0 . JOUtr-OO 

- 0 . 2421..404 • 0 . 2 » 7 ) 9.32 

0 . 1 . 120-32 

- 9 . 237 ) 3 - j 1 

14 - 0 . 1 «i 2;-01 

C. 17 U.-C 2 3 . 1 « 243 - 3 I 'd. 

iguiu. v 3 

9 , 12 * 7.432 

- 3 .«)* 234 d 0 

- 0 . 22210434 3.61 129402 

- 3 . 1 ) 225-02 

0 . 2 . 4 <» 3-(2 

17 - 2 . 17 HQ -01 

-».,bS 71 y -.2 - 0 . 2 %) I'.-bl g. 

yl<* 27 - 0 l 

9 . 1117(473 

*1. 11^)0 *01 

• 9 . 12703.37 - 3 . 11220. 32 

3 . 79473 - 0 ) 

I). 7 %. 1 .- . ) 

If - 0 . 17 J 19-01 

- 0 . 200 i :-«1 Q. 1794.^- 22 - 0 . 

J 6342 - 0 J 

3 . tJso; 4 C 2 

-i 7 . 172 <^ 040 t 

- 0.27733401 • 9.74119432 

0 . 147 ) 9-32 

* 0 . 24170-52 

IS * 0 . 1 ) 27&-01 

3 . 07 «>IO -33 V«)SI 44-01 -C. 

17120-32 

3. 1 »I 2;402 

-J. 27 «» 0»0 1 


9 . 22 ) 20*02 

* 0 . 21315-02 

TCiO 10 . 

* rc 63 • rbow • 


Ctrl • 

roov • 

M 79 • riif • 


1 

a.ss 72 dio«ot *o.)r«)ite«dC o.o 


9 . 2203130*07 - 0 . 779)239492 0.9 



soisTidCToie 

fisTi Hi soar 

STI 

ftfS 





1 0 

•.) 770 I 20-91 10 2 

1 

0 . 927 « 09 fr -02 




2 0 

>. 1271423*11 12 1 

3 

9 . 1147 C 90-92 




soosrtacrtfct 

cicsssr 4 C 0 . M. srcitii 

ues 

COO, 9 T. 

TtBZ 

SOI net 



t 

9 . 1701290-01 

« 

t 

9 . 1209000 - 

72 2 



2 

9 . 1 S 2 * 3)&*02 

11 

3 

0.1243 0 0 0 - 

32 1 



jocsraxToci 

iicoesr fcoii S 7 ? 4 t* 

»cec 

J 9 tr 

TX 0 C 




1 

0 , 440 < 1 i 2 b -01 

10 

2 

0 . 1100005 - 

32 



2 

0 , 11 S 22 %e -01 

13 

1 

0 . 1370000 - 

02 




TIC Lt2GtS1 CiHffJTfO kT2IZJ4 fCC CICU 2OC5TkUCta0l— 92tt ««0 — I0C MXaT<D 9fW«« I* t»0St 2> OOTCf S2»f 


sotstaucToie 

75t» 

nc )3«r 

%TC 

itn: 



1 

O.)77O120-O1 10 2 

1 

7.1277009-12 


2 

9. 1277423 

-01 12 1 

1 

9, I377C09-I2 


SQ)3T7UCTdi>2 

4*7 .Tsr 

I9r. ft. StjAlk 

7LvS 

493. or. 

TIAS 

iojrice 

1 


a.trufiib-oi 

S 

t 

0. 1290)30-37 

2 

2 


O.I72«1)y*)2 

11 

2 

9. U*0040-I2 

1 

SOIStB'N.T't-l 

4»6';*..T 

bdw&L STI>717 

4ru( 

3atr 

TD? 


1 


fl 

17 

2 

0 , I277H, )^72 


3 


7.1 1)221. b-ll 

1) 

1 

3, 1 iiMqib- >4 



■o 0O4r It u nu«ia : T a!ia r« a •% t 


Driginac page is 

OF POOR QUALITY 






6.2 A Uniform-Thickness, Unsupported Complete Circular Ring Subjected to a 
T-58 Rotor Tri-Hub Burst 

6.2.1 Problem Description 

The geometry of the free-ring containment structure, as shown in 
Fig. 10, is a free circular ring, 0.4 in thick, 2.5 in wide, with a mean 
radius of 7.7 in. The ring is subjected to a tri-hub burst (consisting of 
three perfectly symmetric fragments which are idealized as being circular and 
non-deformcible) with each fragment being released at different times. Forty 
uniform finite elements are used to model the complete ring. 

The 4130 cast steel ring material is represented by a three— 
mechanical-sublayer model defined’ by = 80,950 psi, .00279; °2'^2 * 105,300 

psi, .0225; and = 121,000 psi, .2000 with an elastic modulus of 29 x 10^ 

psi and a yield stress of 80,950 psi. The strain rate constants are D = 40.4 

-1 3 2 4 

sec and P = 5, and the mass density is taken to be 0.733085 x 10 (lb-sec /in ). 

The attacking fragments (Fig. 10) have the following similar 

-2 2 

properties; radius r. = 2.42 in; mass m = 0.932 x 10 (lb-sec ); mass moment 

^ -1 2 ^ 

of inertia = 0.666 x 10 (lb-sec -in); initial translational velocity of 
5515 in/sec and an initial clockwise negative angular velocity of -1972.0 
(rad/sec). The value of the coefficient of restitution, e, is set at 1.0 to 
represent a perfectly-elastic impact reaction, and the coefficient of friction 
h is assumed for illustration to equal 0.5. 

The fragments are located 120° apart from each other, and their 
C.G.'s are at the same radial location 2.797 in. The TPRIM of the first frag- 
ment equals 0.760000 x 10 ^ sec and determines the start of the computer calcula- 
tions. The second fragment is assumed to be released 160 yseconds after the 
first fragment; hence, its TPRIM equals 0.600000 x 10 ^ sec. The third and 
last fragment is assumed to be released 910 pseconds after the first fragment; 
thus. Its TPRIM equals -0.150000 x 10 ^ sec. (Note: the third fragment is 

released after calculations have begun.) An additional strain point is specified 
on element 40 near the point of first impact; the s coordinate equals 0.57. 

The ClWl-JET 4B program will solve this collision interaction 
using a time step of 2 microseconds. Printout starts several microseconds 
after initial impact and will continue every 20 cycles until 300 cyles have 
been completed. 
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6.2.2 Input Data 

The values to be punched on the data cards are as follows: 


Card 1 

B(l) = 0.250000D+01 
DENS(l) = 0.733085D-03 
EXANG = 0.360000CH-03 (Complete ring) 


3D15.6 


Card 2 

IK = 40 

NOGA = 3 

NFL = 4 

NSPL(l) = 3 

MM ■= 690 

Ml = 390 

M2 = 20 

NF =3 

TIMF = 0.138000D-02 


815, D15.6 


Card 3A 

Y(l) = 0.0 

Z(l) = 0.770000W-01 

ANG(l) = 0.0 

N(l) = 0.400000D+00 


4D15.6 


Additional cards are punched until all 40 nodes of the main 
structure are described. 


Y(40) = -0.120454D+01 

2(40) = 0.760520D+01 

ANG(40) = 0.900000D+01 

H(40) = 0.400000D+00 

Card 4A 

NDIS = 0 

Skip to Card 5 


15 
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,J 



Card 5 15 


NBR 

= 0 




Skip to Card 6 



Card 6 


- 

3D15.6,I5 

DELTAT 

= 0.200000D-05 



DS(1) 

= 0.404000EH02 



P(l) 

NTOVR 

= 0.500000D+01 
= BLANK 



Card 7AA 



4D15.6 

EPS (1,1) 

= 0.279000D-02 



S1G(1,1) 

= 0.e095Q0I>f05 



EPS(2,1) 

= 0.225000D-01 



S1G(2,1) 

= 0.105300D+06 



EPS (3,1) 

= 0.200000CHOO 



SIG(3,1) 

= 0.121000CH06 



Card 8 



215 

NOP 

= 3 



NASP 

= 1 


' 

Card 8A 



215, D15.6 

NSBS(l) 

= 1 



NSEL(l) 

= 40 



AZET(l) 

= 0.570000tH00 



Card 9AA 



5D15.6 

FH(1) 

= 0.484000D+01 



FCG(l) 

= 0.139850EH-01 



FCGX(l) 

= -0.242227D+01 



FMASS(l) 

= 0.932000D-02 



FMOI (1) 

= 0.666000D-01 



Card 9AB 



D15.6 

UNK 

= 0. 500000D+00 
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Card 9AC 


5D15.6 


UDOT(l) = 0.275750EM-04 
WDOT(0.) = 0.477613D+04 
ADOrQ) = -0-197200D+04 
TPRlM(l) = 0.760000D-03 
CR(1) = O.lOOOOOD+01 


Repeat the above block of 3 cards until all 3 fragments are 
described. 


Card 9CA 5D15.6 

FH(3) = 0.484000D+01 

FCG13) = -0.279700D+01 
FCGX(3) .= 0.0 
FMASS(3) = 0.932000I>02 
FM0K3) = 0.666000D-C1 

Card 9CB 015. 6 

UNK{3) = 0.500000D+00 


Card 9CC 

UDOT(3) «= -0.5515000+04 
WDOT(3) =0.0 
ADOT(3) = -0.197200D+04 
TPRIM(3) = -0.1500000-03 
CR(3) = C. 1000000+01 

Card 10 

AXG(l) = 0.11270166537925850+00 
AXG(3) = 0.50000000000000000+00 
AXG(3) = 0.88729833462074150+00 

card 11 

AWG(l) = 0. 27777777777777780+00 
AWG(2) = 0.44444444444444440+00 
AWG{3) = 0.27777777777777780+00 


5015.6 


3025.16 


3025.16 
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Card 12A 

TXG(l) = -0.86H363115940530D+00 

TXG(2) = -0.3399810435848560D+00 

TXG(3) = 0.3399810435848560D+00 

Card 12B 

TXG{4) = 0.8611363115940530CH-00 


3D25.16 


3D25.16 


Card 1 3A 

TWG(l) = 0.3478548451374540D+00 

TWG(2) = 0. 65214515486254600+00 

TWG(3) = 0.6521451548625460I>+00 

Card 13B , 

TWG(4) =■ 0. 34785484513745400+00 


3025.16 


3025.16 


Card 14A 

NBCOND = 0 

Skip to Card 15 


Card 15 

NQR = 0 

NORP = 0 

NORU = 0 

Skip to Card 16 


Card 16 

ICONT = 0 

Skip to Card 17 


Card 17 

ICON = 0 

The program will now terminate its run. 


15 


315 


15 


15 
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THIS IS THF INPOT OFCK FOR EJf^l1Pf,P 6.2 
0C.25CC OCn* D1 -:i;.7l308SD-03 CO . 360 j3)D* 3 3 

3 U 3 69) 390 2 ) J CO . 1 3S0DCD-02 

Q.CC OC "'ODOCO C.77::o:d 01 j. 30 5)D)D 30 O.aOOOOOD 00 
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6.2.3 Solution Output Data 

The following is the output for about 600 microseconds of response 
after initial impact of the complete ring tri-hub burst impact interaction. 

Each fragment was released at a different time, and the posit* ->n of each 
fragment is tracked separately during the run. 

The first segment of output gives a breakdown of the ring initial 
geometry and the defining quantities of the 3 fragments. A calculation of the 
maximum time step is made and is used to check the user-generated time step. 

Initial impact occurs on element 40 by fragment one, at 763.913 
microseconds after the release of the first fragment. The second fragment 
impacts on element 13 at 158.214 microseconds after the first impact. Fragment 
3 was released at time 0.910 x 10 ^ sec. and has not impacted during this run. 

Strain information is printed at each Gaussian station, at each 
node, and at the designated additional strain point. The maximum strain is 
14.58% and occurs on the outer surface of element 13 at 245.087 microseconds 
after initial impact. 

In the interest of conciseness, only a portion of the called-for 
output is given. Included is all input verification information, scheduled 
output at the end of time cycles 390, 410, 430, 450, 470, 670, and 690 (last) , 
and regular printout occurring at each ring-fragment impact (note that all 
impacts are listed) . This output listing is intended for use in verification 
of the adaptation of the CIVM-JET 4B computer code to other computing facilities 
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TmCME are Nn GRANCHES COINNICTEO TO THE MAIM STRUCTURE .THEREFORE 
THE NUMRERCTC SYSTEM FOR NODES AND ELEMENTS RFMAINS UNCHANGED 

AOIUTIONAL strain HOINT ELEMENT S COOROtNAfC 

1 AC O.S700000*00 


COMPLETE RING OCIVM-JET A8«* CONTAINMENT ANALYSIS 
RING PROPERTIES 


MATERIAL PROPERTIES OF MAIN STRUCTURE AREl 
WIDTH or RINCIINI 

density of ring 

NUM3ER OF ELEMENTS 

NUMPER OF SPANWISE GAUSSIAN PTS. 

NUHHER OF OEPIHWISE GAUSSIAN PTS. 

numher of mechanical sublayers 


< 0.2S00U00>01 

• 0.TS30BS0-0} 

• 40 

« s 

• 4 

• 3 


OS FOR STRAIN RATE 

p fDr strain rate 

strain mi • 0.2790000-02 


• 0.4040000402 

• o.soooooo*oi 

STRESSMI ■ 0.e09SO0O»0S 


strain 121 « 
strain (JI • 


0.22SOOUO-01 

0 . 2000000*00 


STRESSI2I • 
STRESSOI « 


0.1033000*06 

0.1210000*06 


INITIAL geometry AT EACH NOOE IS AS FOLLOWSt 


NOOE NO. 


V GOORO 


2 COORO 


SLOPE I RAO. I 


RING Thickness at node t 


1 

0.0 

0.7700000*01 

0.0 

0.4000000*00 

2 

0.1204530*01 

0.7603200*01 

-0.1570800*00 

0.4000000*00 

3 

0.2379410*01 

0.7323140*01 

-0.3141590*00 

0.4000300*00 

4 

0.3495710*01 

0.6860730*01 

-0.4712390*00 

0.4000000*00 

f 

0.4325950*01 

0.6229430*01 

-0.6283190*00 

0.4000000*00 

6 

0.54447’0*0l 

0.5444720*01 

-0.7853980*30 

0.4000000*00 

T 

0.6229430*01 

0.4325950*01 

-0.9424780*00 

0.4000000*00 

8 

0.6860730*01 

0.3495730*01 

-0.1099560*01 

0.4000000*00 

9 

0.7323140*01 

0.2379430*01 

-0.1256640*01 

0.4000000*00 

to 

0.7603200*01 

0.1204550*01 

-0.1413720*01 

0.4000000*00 

11 . 

0.7700000*01 

C.O 

-0.1570800*01 

0.4000000*00 

12 

0.7635200*01 

-0.1204550*01 

-0.1727880*01 

0.4000000*00 

13 

0.7323140*01 

-0.2379430*01 

-0.1884960*01 

0.4000000*00 
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14 

0.6860750*01 

-0.3495730*01 

-0.2042040*01 

0.4000000*00 

IS 

0.6229410*01 

-0.4525950*01 

-0.2199110*01 

0.4000000*00 

16 

0.5444720*01 

-0.5444720*01 

-0.2356190*01 

0.4000000*00 

17 

0.4 52 5950*01 

-0.6229430*01 

-0.2513270*01 

0.4000000*00 

18 

0.3495730*01 

-0.6860750*01 

-0.2670350*01 

0.4000000*00 

19 

0.2379430*01 

-0.7323140*01 

-0.2827430*01 

0.4000000*00 

20 

0.1234550*01 

-0.7605200*01 

-0.2954510*01 

0.4000000*00 

21 

0.0 

-0.7700000*01 

0.3141590*01 

0.4006000*00 

22 

-0.1234550*01 

-0.7605200*01 

0.2954510*01 

0.4000000*00 

23 

-0.2379430 '0. 

-0.7323130*01 

0.2827430*01 

0.4000000*00 

24 

-0.3495710*01 

-0.6060750*01 

0.2670350*01 

0.4000000*00 

25 

-0.4525950*01 

-0.6229430*01 

0.2513270*01 

0.4000000*00 

26 

-0.5444720*01 

-0.5444720*01 

0.2356190*01 

0.4000000*00 

27 

-0.6229430*01 

-0.4525950*01 

0.2199110*01 

0.4000000*00 

28 

-0.6660750*0! 

-0.3495730*01 

0.2042040*01 

0.4000000*00 

29 

•0.732 3140*01 

-0.2379430*01 

0.1884960*01 

0.4000000*00- 

30 

-0.7635200*01 

-0.1204550*01 

0.1727380*01 

0.4000000*00 

31 

-0.7730000*01 

0.0 

0.1570800*01 

0.4000000*00 

32 

-0.7635200*01 

0.1204550*01 

0.1413720*01 

0.4000000*00 

33 

-0.732 3130*01 

0.2379430*01 

0.1256640*01 

0.4000000*00 

34 

-0.6060750*01 

0.3495730*01 

0.1099560*01 

0.4000000*00 

35 

-0.6229430*01 

0.4525950*01 

0.9424780*00 

0.4000000*00 

36 

-0.5444720*01 

0.5444730*01 

0.7853"BO*00 

0.4000000*00 

37 

-0.452 5950*01 

0.6229430*01 

0.6283190*00 

0.4000000*00 

38 

-0. 3495730*01 

0.6860750*01 

0.4712390*00 

0.4000000*00 

39 

-0.2379430*01 

0.7323140*01 

0.3141590*00 

0.4000000*00 

40 • 

-0.1234550*01 

0.7605200*01 

0.1570800*00 

0.4000000*00 
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CNCRCV ANO WORK AT THE CNO Of TIME CYCLE 390 


ERACMENT 

1 

2 
3 


wn^K tHPvT iwro ring 

RING KINETIC ENERGY 
RING ElASnc ENERGY 
RING PLASTIC W(IMR 
ENERGY STORED IN ELASTIC RESTRAINTS 


mSETIC ENERGY 

0«inai90*06 

9.2712310«06 

3.27123I0^06 

• 3.9<I4]200«OS 

« 3.4S24660«09 

• 9.4691320«04 
0.4T47410«0S 


0«0 


CYCLE- 


390 


ELEM 

SI sr*i so 

SI sr*2 so 

St STAS SO 

1 

-0.63200-01 

0.67030-01 

-0.17420-02 

0. 37910-02 

0.52970-01 

-0.67790-01 

2 

0.39^90-02 

-C. 16130-01 

0.47030-02 

-0.33810-02 

-0. 33230-02 

-0.24060-02 

3 

-0.302 50-02 

-0.41440-02 

•0. 11800-02 

-C. 10390-02 

-0.I630D-02 

-0.20640-02 

4 

-0.14310-02 

-0.14000-02 

-0.89)60-03 

-0. 93290-03 

-0.26910-03 

-0.43490-0) 

3 

-0.16000-03 

-0.16660-03- 

-0.10340-03 

-0.1C69O-03 

-0.25370-04 

-0.39620-04 

6 

-0.93340-03 

-0. 12300-03 

-0.33790-03 

-0.371IU-C3 

-0.11500-03 

-0.16740-03 

7 

-0.23180-06 

-0.23220-06 

-0.14200-06 

-0. 13070-06 

-0.26910-07 

-0.45380-07 

d 

-0.30130-08 

-0.29970-00 

-0.16360-03 

-0.1 7560-08 

-0.28860-09 

-0.30310-09 

9 

-0.96210-11 

-0.95710-11 

-0.32340-11 

-0.95460-11 

-0.87690-12 

-0. 13530-11 

to 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

11 

0.0 

0.0 

0.9 

0.0 

0.0 

0*0 

12 

0.0 

0.0 

0.0 

0.0 

0*0 

0.0 

1) 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

14 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

13 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

16 

0.0 

0.0 

0.0 

0.0 

0.0 

0*0 

ir 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

18 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

19 

0.0 

0.0 

0.0 

o.c 

0.0 

0.0 

20 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

21 

0.0 

0.0 

0.0 

0.0 

0.0 

0*0 

22 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2) 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

24 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

23 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

26 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

27 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

28 

0.0 

0.0 

0.0 

0.0 

0.0 

0*0 

29 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

JC 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

31 

0.12870-11 

0.22920-11 

0.76960-11 

0.81570-11 

0. 14170-10 

0.14)90-10 

32 

0.41930-09 

0.76670-09 

0.73230-08 

0.26760-08 

0.4396D-C8 

0.45700-08 

33 

0.41220-07 

0.69410-07 

0.21730-06 

0.23060-06 

0. 38820-06 

0. *0570-06 

34 

0.17690-03 

0.28790-03 

0.32470-03 

0.8739U-03 

0.14290-04 

P. 14160-04 

13 

0.39670-04 

0.61300-04 

0.13530-03 

0.1654II-01 

0.23770-0* 

0.23490-03 

36 

0.47170-01 

0.68440-0 1 

0. 14260-02 

0.13230-02 

0.22060- i2 

0.21820-02 

3T 

0.26130-02 

g. 17490-02 

0.S290U-02 

0.59001.-02 

0.7331O-02 

0.74230-02 

3>» 

0.53400-02 

0.929U'-02 

0.12280-01 

0.3 1030-02 

0.23860-01 

0.63900-02 

39 

O.bO'^'O-Ot 

-0.11310-01 

0. 36220-01 

0.10630-01 

-0.93260-02 

0.3232D-01 

43 

0.1416U-01 

0.66230-02 

-0.36090-02 

0.1C99O-01 

-0.19T30-01 

0.21390-01 


CYCLE* 390 

Sr*iA(N AT AOOiriCNAL POINTS 
1 


SI 

-0.8578242YO-02 


SO 

0. 124242130-01 


El 

-0.861313430-02 


CO 

0.123479790-01 
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jw }4o riMf* o.rtooo»-os tim Arru inirui tmpui • o«uoit40*o« 
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1 

0«24000*0t 

0.1 1240*00 

-0. 14190-01 

0.11790*02 

0.24000*01 

0.79330*01 

0. 19670*06 

0.91920*04 -0.92400-01 

0.99163-Cl 

i 

0.91990 72 

0.92220-02 

-0. 3J240-O1 

-0. 60930-92 
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6 -0.66610*01 -0.144oO«01 
10*01 -0.21740*01 
10*01 -0.l2'')0*0l 
40*01 0.64120-C2 

20*01 0.I2160*CI 

60*01 0.21460*01 

10*01 0.11160*01 
10*01 0.61660*01 
60*01 0.16610*01 
90*01 0.62170*01 

00*01 0.61110*01 
70*01 0.71780*01 

90*01 0.78890*01 


0.17820*06 0 

0. 1 «C40*06 -0 
0 . 10020*06 
0 . * 1110 * 0 '. 0 
0 . * 6200*01 0 
0.10160*06 0 
o.6*iin*ci 0 
- 0 . 26120*01 -0 
>0.17810*01 


P tUAlNllll 

69440*06 -0.16140-01 
.81820*04 0.61 rco-01 


87|60*''4 

61280*04 

6141C*01 

.28480*01 

17400*02 

21610 * 0 ) 


0.27160*01 
0.1M 70*02 
0.1)710*02 
0.24210*02 
0. 16110-02 
0.24160-0) 


-0.)6410*01 
-0. 1 1870*01 
-0.11170*06 
-0.66760*0 ) 
-0.4i*10*02 
-0. i :680*C2 

-0.41120*00 
-0.61220-01 
-0. 14610-02 
-0.18/60-0) 
0.14360-01 
0.2)440-01 
0.61120-02 
0. 13660*00 
0.14410*01 
0.16480*02 
0. 11420*0 ) 

o.i;c)o*06 

0.83410*06 
0.24410*01 
0.72160*01 
0.11660*06 
0.11060*06 
0. 16060*06 
0.1)110*06 
0.12180*06 
0.12610*06 
0.12860*06 
0.11680*06 
0.11960*06 
0*12170*06 


20)60*01 -9.216)0-02 
.lOllD*)) -0.1 7370-02 
)4140*C2 -0.64-80-0) 
12860*01 -C 18460-0) 
14860*01 -0.)1‘)IO-04 
29140*00 -0.44710-01 
22180-01 -0.14460-06 
14680-02 -0,467-0-07 
11420-0) -0. 11 770-08 
89110-91 -0. I 71 10-04 
)7130-06 -0.72700-II 
77420-38 -0.2)110-12 
0. 16290-12 


17910-06 

12410-06 

21690-0) 

10400-02 

11720-01 

1)180*00 

24680*01 

1*040*02 

61610*02 

14760*0) 

66260 * 0 ) 

66200*03 

68210*0) 

27660*0) 

61410*0) 

17110*06 

61260*06 

12810*01 

63880*06 


0. 11220-10 
0.26480-09 
0.44)40*08 
0. 71280-07 
0.86)10-06 
0.8*140-01 
0,178)0-06 
0 . 11610 - 0 ) 
0.12180-42 
0.1)480*02 
0.16170-02 
0.668 10-02 
0.62280-02 
0.67990-02 
0*1)610-02 
0*11080-02 
0.2C760-01 
0.71160-01 


16200*01 -e*ieiio-oi 


P466 1 

10.« ^ccu • 

FC66 • 

61P6 ■ 

76UV 6 

MHV 6 

766V • 


l 

-0.1961190*09 

0.12)1760*01 

-0.1603610*01 

0.2114)10*06 

0.1292980*06 

-0.1729620*06 


2 

0 .6262220*01 

•0.171)710*01 

-0.1101920*01 

0.2717100*06 ' 

-0.67761)0*06 

-0.1972000*06 


1 

0.0 

•0.2797000*01 

0.0 

-0.1111090*06 

0.0 

-0.1972000*06 

SU6ST4UCTU4E 


MS78 etc SUlf ST6 TIMf 




1 


0.9161610-01 

1 2 1 

0.0200000-OI 



SU8$fauCTu9e 


L68CC1T 600. ar 

. 1T»6(N ILCM 

600. »r. 

TIPC 

SU67ACt 


1 


0.67)1 980-01 60 

1 

0 .1200000-01 

2 


SussraucTuae 


1666217 *10061 

irqiiy 90oe 

Sl/67 

TfMC 



i 


0.1091280*00 1 

2 

0.82000CO-0) 




STl8t6(0U7| 
0. 1C41 1*00 
-0. 14*4 )«0l 
-0.41* )U-0/ 
0 **1M-C2 
0.4tii«)-02 
0.206 <»-02 
0.42470-02 
0.*214v4-0) 
-0.2216')-02 
-0, imo-o/ 

-C.81I13-C) 
-0.23260-01 
•0.4fcft;i,-c-. 
-0. 73610-01 
-0 8)240-06 
-0. 7S91J-07 
-0.11460-se 
-0. )624r).04 
-0. 18229-19 
-0. 7U60-12 
O.l.UO-11 
0.28’60-10 
0.16270-04 
0.42I20-00 
0.12190-06 
0. 112)0-01 
0.|l*4j-94 
0. 77620-0* 
0.*9li:-3) 
0. I 1210- C 2 
0. 19110-02 
0.19670-02 
0.12119-02 
0.67190-02 
0.11829-02 
0.66610-02 
0.10210-01 
0.6119(3-92 
-0.1)I49-01 
0.66120-01 


.Ukiginab page ig 
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ENC0CY ANO WORK AT THE C*iO Of TlHC CYCLE 


430 


ERACMENT 


KINETIC ENERGY 


1 

i 

I 


0.tTiat4L*06 

0.2rU310<06 

0.2?123l0*06 


NOan INPUT INTO RING • 0«9Y41200«03 



RING KINETIC 

ENERGY • 

0.2399150«05 





RING ELASTIC 

ENERGY • 

0.5652020404 





RING PLASTIC 

WORK • 

3.6976850«05 





ENERGY STORED 

IN ELASTIC 

restraints 

■ 0.0 



CVCU> 410 






CLE* 

> SI STAl $0 

SI ST12 SO 

SI STAS SO 

1 

-0*67190-01 

0.94030-01 

-0.149)0-01 

0.17310-01 

0.50310-01 

-0.44910-01 

2 

0.24440-01 

-0.66210-02 

0.29040-01 

-0.861 30-02 

0.33080-01 

-0.11390-01 

3 

0.29870-01 

-0.10550-91 

0.22250-01 

-0.95HO-02 

0.15990-01 

-0.72640-02 

4 

0.92690-02 

-0.273IC-02 

0.5tC6>)-02 

-0.2U50-03 

C. 18620-02 

0.32960-02 

5 

-0. 1 7460-01 

C. 50270-02 

-0.71620-04 

0.59490-02 

-C. 86290-03 

0.50490-02 

6 

0.2SS30-03 

0.40120-02 

0.24960-02 

0. )784ii-02 

0.40020-C2 

0. 27860-02 

7 

0.42860-02 

0.19830-02 

0.2868r-02 

0.245)0-02 

0.20840-02 

0. 36880-02 

6 

0.30S4U-C2 

0.20130-02 

0-30210-02 

0.))640-02 

0.36410-02 

0.45030-02 

9 

0.38860-0^ 

0.47980-02 

0.39230-02 

0.4081U-02 

C. 40420-02 

0.34490-02 

1C 

0.27550-C2 

0.41240-02 

0.27420-02 

0.31510-02 

0.26890-02 

0. 19370-02 

It 

0.20270-C2 

0.25930-02 

0.2680O-02 

0.32630-02 

C.34150-C2 

0.403C0-02 

12 

0.418)0-02 

0.37170-02 

0.)8l9ft-02 

0.42860-02 

0.35940-02 

0.50020-02 

IS 

0.43S3G-0? 

0.37570-02 

0.28810-02 

0.30520-02 

0. 14450-02 

0.23840-02 

{*• 

0.1^660-02 

0.U65O-02 

0. '7140-03 

0.27470-03 

-0.72060-C3 

-0.61360*03 

IS 

-0.9832C-C3 

-0. |O44C-0i 

-0.1U8C-02 -0.13100-02 

-0.131 30-02 

-0.15970-02 

u 

-0.14660-02 

-0.14490-02 

-0.11830-02 -0. l30ei»-02 

-0.92050-C3 

-0.11900-02 

17 

-0.94400-03 

-C. 92490-03 

•0.68C20-C3 -0.74JIC-0) 

-C. 42890-03 

-0.57280-03 

In 

-0.410C0-03 

-0.4C100-C3 

-0.27640-03 -0.29?*,0-03 

-0.14910-03 

-0.203)0-03 

19 

-0.15170-03 

-0.12760-03 

-0.79550-04 -0.35790-04 

-0.29000-04 

-0.45670-04 

20 

-0.18760-C4 

-C.U19P-04 

0.16490-04 

0.17700-04 

0.52090-04 

0*46960-04 

2t 

0.66660-04 

C. 96340-04 

O.1530C-O3 

0.16570-03 

0.24400-03 

0.23830-03 

22 

0.27720-03 

0.38120-03 

0.5)010-03 

0.57)40-03 

0.79340-03 

0.77660-03 

2i 

0.8«*6CO-03 

0.11380-02 

0.l409->-02 

0.15)40-02 

0.19990-C2 

0.19580-02 

24 

0.20060-02 

C-26290-02 

0.28290-02 

0. 11120-02 

C.37C 30-02 

0.36470-02 

2S 

0.35080-02 

0.4427U-02 

0.40199-02 

0.4492U-02 

0.46020-02 

0.46360-02 

26 

0.41660-02 

0.4«680-02 

0.37890-02 

0.44)«,0-02 

0.36440-02 

0.41490-02 

27 

0.36360-C2 

0.35700-02 

0.28690-02 

0.35270-02 

0.20630-C2 

0.36140-02 

28 

0.31650-02 

0,23070-02 

0.25500-02 

0.281)0-02 

0.18440-02 

0.32230-02 

29 

0.21250-02 

0.26440-02 

0.23450-02 

0.23440-02 

0.29350-C2 

0.24330-02 

30 

0.19520-C2 

0.30740-02 

O.l 3390-02 

0-2C423»-02 

0.1879O-C2 

0.20140-02 

3t 

0.12120-02 

0.28000-02 

0. 1 3990-02 

0.21 75<»-02 

0.23230-02 

0.23310-02 

32 

0.21270-02 

0.25090-02 

0.14560-02 

0.20210-02 

0.1539O-C2 

0.233CD-02 

33 

0.17900-C2 

0.24660-02 

0.19460-02 

0.229C0-02 

0.21400-C2 

0.21550-02 

34 

0.204CO-02 

0. 19860-02 

0,1 3940-02 

0.2269r-0: 

0.12240-02 

0.305)0-02 

35 

-0.44850-03 

0.49760-02 

-0,597)11-05 

0. 49'»5o-02 

0. l042t>-?2 

0.56690-C2 

36 

0.90540-03 

0.56090-02 

0,31400-02 

0.20570-02 

C. 76650-02 

O.T364D-03 

37 

0.10179-01 

-0.20500-05 

O.I869i>-Ol - 

0,57240-02 

0.313OO-OI 

-0.72500-02 

38 

O.JTOOD-Cl 

-0.10690-01 

0.3794,0-01 - 

o.m/o-oi 

0.48150-01 

-0.269)0-02 

39 

0.59720-01 

-0.44600-02 

0.27040-01 

0.29C90-01 

-0.15000-01 

0.53760-01 

40 

-0. 12960-01 

0.45760-01 

-0. 30290-01 

0. 54800-01 

-0.44380-01 

0.87080-01 


CYCLE* 4}0 

strain at AOOITIONAL POINTS SI 

1 -C.3»4»ST970-0l 


SO 

0. 682415130*01 


El 

*0.33Y93l650*0l 


CO 

0.660S959$0*0t 


210 



I 






> 

I 


( 


IIM* o.itoooo-ai TiNf *>Tit iNiMii inner • o.«*<(i«o>o* 


1 

V M 

PM 

CMt 

COftV 

coat 

L 

n 

|T66|9f INI 

STAAINlCun 

t 

e.ftiiio-ot o.ftmo«oo 

•0. 10970*00 

0.13790*01 

0.42100-01 

0-ftl727)*01 

0.29)70*05 

0.1)670* 0) 

-0.60)40-01 

o.it 06 o*:o 

t 

-o,*eiio*oi c.tsvi3*co 

•r. 2P*40*30 

*0.113)0*91 

0. lt94l>*Cl 

0.7/9)0*01 

0.)4420*3) 

0.434 70*0) 

D.4M2D-01 

•0.)19t0-0t 

1 

o.ii Ma*oi 

•0. 86*00-01 

0. 7 1660-32 

0.11280*61 

0.7)420*01 

0.9<*410*0) 

•0. |4200*0) 

0.11490-31 

-0. 11240-Cl 

« 

•«.ftll«0>3l •J.ftMVO-OI 

C. 17-IO-02 

0.)7)GU-O2 

0. 14)70-01 

0.69*04*41 

0.66)20*35 

-C.)70)0*04 

0.12470-01 

•0.690C3*:i 

% 


C. 2)e.0-:i 

0.2149(1-02 

0.44940*31 

0.6/1C0*91 

0. 73C30**:) 

0.i7*)'>*34 

0.11740.01 

0.)0)30-32 

ft 

•0.|V1TO‘9I •O.i:3T0*C2 

0. 76)80*0? 

0. 164 7U-02 

o.)4tao»ai 

0.)4)94*0l 

0.91100*3) 

0.12460*34 

-0.90*60-0) 

0.4261U-02 

1 

•0,|ft)|O>31 •0.9ft(»S0*0| 

0. 179)0-32 

0. )n3ii-02 

0.6?030*Q1 

o.4)4:n*3i 

0. 772C0*3) 

•0.40190*4) 

0.43940-92 

0.21210-02 

• 

•o«n:iu-oi *o.)9ito*oi 

C.)C22Q-0I 

O.)0tftU-32 

0.68470*01 

o.))iia*ci 

0.92413*0) 

0. ))140*C ) 

0.2)7)0-02 

e.3)540-C2 

« 

-0.tlI90«0l -O.IVMO'OI 

0. ) M60-0I 

9.44WO-02 

0.7)170*61 

0.2)9 10*01 

0.11M0*46 

0.13290*3) 

0. 19120-02 

0.49980-0I 

ta 

•0.|31V0>91 •O.IOOftO-Oft 

C. )4 760-02 

0. 168 10-02 

0. 76640*01 

0.121)0*01 

0.8)483*0 

0.)9)80*0) 

0.14200-02 

0. 39690-02 

II 

•0.ftT9TO*2I 0.11010‘CI 

C.2.M90-92 

0.21260-32 

e.770u*ci 

0.*7)70-02 

0.«4?70*''5 

0.1)710*0) 

0.22b)L.-02 

0.2003D-C2 

II 

•d.lftlftO'OI O.I01I9‘9l 

0.4)6)0*01 

0.)9490-32 

0.7ft0«0*0l -0.tl0l0*0t 

0.11 740*06 

0.4)l)0*0) 

0.19840-02 

0.39290-02 

II 

0.llT40«9I a.IIVlO'OI 

•?.96?U)*31 

3.4)7 70-CI 

0.712)0*01 -0.2)610*31 

0.66090*3) 

0.16)10*0) 

0. 41710-01 

0.46013-32 

ift 

0.44 >90*02 0.1>!9|0*CI 

•C. 14)00*32 

3.160)0-32 

0.68600*01 -0-))0t0*0t 

0.9)7 )0*C4 

•0.91)60*02 

0.14060-02 

0.18S‘t:-Q2 

i> 

Q.ftlllO-JI O.LMVn*CI 

-".1 1)70*02 

-0.9)9 79-01 

0.62?63*0t -0.4))0i}*0l 

-0.))M4*0) 

-0.166)0*0) 

-0.991 70-0) 

-0.‘»2)43-0) 

ift 

O.lftftVO'OI l.llOVD'Ol 

•C.6b))n*91 

*0.1)260-02 

U.)44)0*3| -0.)4470*01 

•0.)e,l4f>*0) 

-0.121)0*4) 

-0.14609-02 

-C. l)9t0-32 

1? 

0.11)40*04 0.2IT2J-C) 

•0.294*0*3 ) 

*0.100 JO-32 

0.4)2)0*31 -C.62)C0*Cl 

-0.2-610*)) 

-0.)'>C40*C2 

-C.9))4f)-0) 

-0. 107O0-C2 

Ift 

0.10640*3i 0.71)90*24 

96720*04 

-3. 44120-31 

0.)49)<'«0t -0.6-l6l''*3l 

-0.6)913*04 

-0. 22170*32 

•0.401 70-0) 

-0.476)3-0) 

ift 

0.14>«J..<0) 0.18910*04 

-r.?7l40-*4 

-3.14)70-31 

0.2)794-01 -0.7)2)0*01 

-0.2)9‘*0*1'4 

-Q.ftOT-iO^Cl 

-'*.129)0-01 

-0.1)810-0) 

n 

O.47J5D-04 :.nooo-c5 

•0.)2160*0) 

-0.24)23*04 

0.120)0*01 -0-760)0*01 

0.49O10-0) 

0.11670*01 

-0.21 740-3* 

-0.26B90-C* 

II 

o.6<i4to*a4 -o.»)cio*oo 

-C.lt»'«0-‘34 

0.)9| tO-04 

*0.684tO-Cft -0.77000*01 

0.46199*04 

0.11480*02 

0.)21)9-04 

0.66090-C4 

II 

o.iftS7o*0) *0 i);no*04 

•0, * 79)0 ‘C4 

0.26)60*0) 

-0.123)0*31 -0.760)0*01 

0.16010*)) 

0.41680*02 

0.21790-05 

0.29)43-0 

n 

C.94SflO*9) •J.11290*?) 

-0. 171*0*3) 

0.8))20-0) 

-0.2)809*01 -0.7)210*01 

0.42710*3) 

0.1200*0 

0.77960-0 

O.V)2)9-0) 

Ift 

0.17790*0? *0.4)9l0-f) 

-C. ))940-0) 

5.2DC0-02 

-0.)4969*01 -0.64)90*01 

0. •6200*4) 

0.?7)4D*0) 

0.19740-02 

0.22919-02 

II 

0.6)040-02 •3.U‘*^U*0? 

• 3 . 141611*02 

0. 1)H)9-02 

-0.4)110*01 -0.622)0*01 

O.I2))0*36 

0.4)660*9) 

C. 16690-32 

0.41173-02 

1* 

0.U960-J1 -9.26960*3? 

-3«2*‘ '‘40-92 

0.47280-02 

-0.)4)|0*01 -0.)-)4'>*01 

O.U9)D*C6 

0.62)10*0 

0.45)40-02 

0.4931D-C2 

IT 

0.17)90*01 -C-SU’^U-CI 

•C.*4*'00*02 

3.1«9l0-32 

-0.62)63*31 -0.4)093*Cl 

0.91070*09 

0.61 7)0*0 

0. 18969-02 

0.)86)C-32 

la 

0.22)10*31 -0.82400-'*? 

-- .6/3tfO-‘^2 

0.27190-02 

•0.68640*01 -0.)47?D*01 

0. 7)920*35 

0.59)10*0) 

0.29670-01 

0.29040-02 

IV 

9.2729U-31 •C.l2Ua-»'l 

•C. 7)4)0*02 

0.24)13-32 

-0.7)2C0*C1 -0.2))Cn*Cl 

0.69910*0) 

-o.):):o*35 

0.19680-92 

0.10)69-02 

la 

O.I2)lO-:i -0.16770-Cl 

-C. 74)00*02 

0.2B27U-32 

•0.7)940*31 -0.n7CD*wl 

0.49770*0) 

0»61))0*0 

0.26710-02 

0.10469-02 

11 

0.17920-01 -0,222)0-''l 

• <*, 9)790-02 

0.2l)62-'»2 

-0. 74760*01 

0.)7920-0l 

0.91110*3) 

9.61)40*9) 

0.17470-9? 

9.26610-02 

11 

0.46290-91 -3.2944.0-0t 

•3. 1 |960-0| 

3.2)630-32 

-0.75690*01 

0. t?44l)*01 

0.)04|9*0) 

0.54)20*05 

0.26C20-02 

0.26663-02 

11 

0.)l7)0-0l -5.J7270-9I 

iwio-31 

0.23 190-32 

-0.72720*01 

0*?4l 70*01 

C. 49)00*05 

o.27e;o*o) 

e.l *260-02 

0.2)4)1-02 

>ft 

O.ftC7ftO*0t -0.4$910-01 

•0. l*7)i>-9) 

0.20560*02 

•0«67320*0i 

O.J529O*0l 

0.42)70*05 

•0.)7)60*05 

9.22660-02 

0.20679-92 

11 

0.701)0-31 -9.)4U0-9t 

1 7*;o-^i 

0,21)70*02 

•0.61440*01 

O.4))lO*01 

0.40)00*0) 

0.5)9)0*06 
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FIG. 3 NOMENCLATURE FOR GEOMETRY, COORDINATES, AND DISPLACEMENTS 
OF A CURVED-BEAM FINITE ELEMENT 
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(a) Prescribed Displacement Conditions 

DISTRIBUTED ELASTIC 
RESTORING SPRING 
(ELASTIC FOUNDATION) 



(b) Elastic Restraints 


FIG. 4 SCHEMATICS FOR THE SUPPORT CONDITIONS OF THE STRUCTURE 
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(c) 


Schematic of a Bracket-Supported Fragment Containment/ 
Deflector Structure 


FIG. 4 CONTINUED 
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(d) Idealized Two-Dimensional Model of the Configuration 
Depicted in (c) 


FIG, 4 CONCLUDED 
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NON- DEFORMABLE 
(a) Single Blade Fragment 


ACTUAL 

IDEALIZED 




(b) Bladed-Disk Type Fragment 


FIG. 5 SCHEMATICS OF ACTUAL AND IDEALIZED FRAGMENTS 
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RING CONTOUR 






A Z 


ACTUAL 

IDEALIZED FOR 
COLLISION ANALYSIS 



(a) Pre-Impact Location 





(b) Fragment and Impact-Affected Ring Segment 


FIG. 6 IDEALIZATION OF KING CONTOUR FOR COLLISION ANALYSIS 


229 



FIG. 7 INFOWIATION FLOW SCHEMATIC FOR PREDICTING RING AND FRAGMENT 
MOTIONS IN THE COLLISION- IMPARTED VELOCITY METHOD 
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(a) Illustrative Fragment C/D Structure with Slope Discontinuities 


w 



FIG. 8 DEFINITION OF SLOPE-DISCONTINUITY ANGLES FOR AN 
ILLUSTRATIVE FRAGMENT AND C/D STRUCTURE 
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(c) Exploded View of Node 8 — Angle Definitions 


FIG. 8 


CONCLUDED 



BRANCH (SUBSTRUCTURE 2) 
(STEEL) 





23 ’ 


FIG. 9 PROBLEM DATA, GEOMETRY, NOfHDNCLATURE, AND FINITE-ELEMENT MODELING FOR EXAMPLE 
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FIG. 9 CONTINUED 
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NOTE: FRAGMENTS ARE C4ATERIALLY SYflMETRIC, THEIR C.G.'S ARE 

RADIALLY SYMIIETRIC, AND THEIR TRANSLATIONAL AND 
ROTATIONAL VELOCITY MAGNITUDES ARE EQUAL 



FIG. 10 PROBLEM DATA, GEO'lETRY, NOMENCLATURE, AND FINITE-ELEMENT 
MODELING FOR EXAMPLE 6.2 

m 
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APPENDIX A 



GOVERNING EQUATIONS ON WHICH THE PROGRAM IS BASED 


A.l Formulation for Varlable-ThlckneBB Arbitrarily-Curved Beam Elements and 
Structures 

The geometry and nomenclature of a typical curved beam discrete element 
are shown in Fig. 3, where the deformation plane is n>C and the coordinates n 
along and C normal to the centroldal axis of the beam are employed as the 
reference coordinates of the beam element. 'Jhe slope/ of the reference 
circumferential axis, which is the angle between the tangent vector and the 
y-axis of the local-reference Cartesian coordinates may be approximated by a 
second degree polynomial in n as follows: 

P ^ *■ (A.l) 

where the constants b , b, , and b, can be determined from the )cnown initial 

o I 2 

geometry of the curved beam element. Assume that the change in element slope 
between nodes i and i+1 is small so that 

) = / (A. 2a) 


and 


5 "^ ( - <^, ) = - 4>i 


(A. 2b) 


This restricts the slope change within an element to < 15 degrees. The arc 
length, of the elemunt is approximated to be the same as the length of a 
circular arc passing through the nodal points at the slopes and 
is given by 


^ - 4 >.) 

Zs.r, ^ j 


(A. 3) 
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where is the length of the chord joining nodes i and i-t-1 and is given by 




(A. 3a) 


and and are the initial Y and Z .coordinates* respectively* of the ith 
node. The three constants in Eq. A.l are then determined from the relations 


4>(rj<o') = 4 >; 

^ Si'm ^ eJrf s ^ drj - Q 
O O 

From Eq. A. 4* the constants in Eq. A.l are found to be 

b.- 


(A. 4) 


(A. 5) 


Accordingly* the radius of curvature* R* of the centcoidal axis may be expressed 
as R = - 0<Ji/9r|)”^ = - (bj^ + Zb^n)"^* and the coordinates Y (n) and Z(n) of the 
centroldal axis are given by 

1 

YCrj^r 4 J COS ] dq (A. 6a) 


and 



o 


(A. 6b) 


where 



(A. 6c) 


The thickness variation of the element is approximated as being linear 
between nodes; thus 
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Zf~ '■"r- 9 


T---j 


t^rr f .•f'-j'* 


-I 


” = ^ (' - ■^. 


(A. 7) 


Employing the Bernoulll-Euler hypothesis, the displacement field v, w of 
the beam may be specified by the reference plane displacements v and w, and 
the rotation, tp, as follows: 


where 


w Ct,!) ) = 


/ / I ^ 


(A. 8) 


(A. 8a) 


To account for the strain-inducing modes and the rigid-body modes, the assumed 
displacement field takes the form: 


V 

w 


C0^4> Sin <p - (z - i COi(4>*t<) * C'l'~ ) S>n (e^ ^ef ) 

■ Sny ^ 00*4 Sivl + (Y- Yj ) COiC4'*°<’) 

1 

o O 

O q* O O 

or in more compact matrix form, Eq. A. 9 becomes 


(A. 9) 






{fj = U(-\) 


(A. 9a) 


The generalized displacements {q} are selected so that there are four degrees 
of freedom v, w, ip, X''(9v/3r|) + w/R at each node of the element: 


hi-- L-'. 0^. v,„ f. ]{fi! 


(A. 10) 
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m 

where 


coi 4 >^ 

Sio 4 >^ 

0 

0 

0 

0 

0 

0 

- 4 )^ 

Cos 4 >, 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

> 0 

0 

0 

0 

0 

1 

0 

0 

- 0 

0 



“^53 

n. 

0 

0 


if 

- 


Ati 

0 

nf 


0 

0 

0 

0 

i 





ntm. 

0 

0 

0 

/ 

-r.V3>'4. 

- 7 .V 4 

^ 7 . 

^nt 


(A.lCa) 



and 

“ ^K*/~ K ) +e< ) 

(A. 10b) 

^63 = (K*, -K) ) + (Zj^, -Z. ) si» C4>^^,-*-‘x) 


and 


Corresponding to the assumed displacement field Eq. A. 9, one finds 
P- L° c I -s 3,- 

7 := Lo o o I a' i‘ 2 , = t 


(A. 11a) 


(A. 11b) 
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Under the Bernoulli-Euler hypothesis, the only nonvanishing strain com- 
ponent and corresponding stress component are the axial strain, C, and the 
axial stress, a. For this case, the nonlinear strain-displacement relation 
may be expressed as: 


where 


^^* 7 ^ = C R ) '*’ z «/ «/ 

= + :^Lc*J{s.}L6,J(^}4±LuJ[b,|LBJ{u/ (A.12a) 


-K 




Combining Eqs. A. 9 through A 12, one obtains 

(. j - [u(.)][a-] 


(A. 13) 


and 


£-- L0,J i^} ^ i L^J {o,] LpJI^J UJ(p^]iDj[^} 

(A. 14) 


where 


LOJ = Lej [u] [A"J for i = 1, 2, 3 


(A. 14a) 


and 
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La,j[u]-L^ o o I -7V' J 

UjM.lo o / 7 /' Z, h‘ i‘*' 7V'J 

LBjJLl'J^Lo O O -2 -67 .27^'-7V" 

In the process of solution, it Is necessary to evaluate the strain incre- 
ment Ae from time t , to time t . Using Eqs. A. 12 and A. 14, one has 
m m-1 m 


where 


A£.^ = A£„ + r 

LO,J{a$„/ 4 (o, j Lo,J 4 L<i^J {oj Loj 

-i L^uJfoJ Ld,J{^^/ La(^^J { p,! LoJ[q^) 


(A. 15) 


(A. 15a) 


In the formulation of the impact analysis scheme, a lumped mass model 
has been assumed. For consistency a lumped (diagonal) mass matrix must be 
employed in the global timewise solution (note that the use of lumped mass 
also results in additional storage and computational efficiencies when compared 
with the use of a consistent mass matrix which is, in general, fully populated). 
The lumped mass matrix of the ith discrete element is given by the following 
expression: 
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where 


I 


= -^ (^>c + •^0-1 ) b p (l - c, ) 

(A. 16a) 

* i c, 

(A. 16b) 

b p (, > - C,) 

(A. 16c) 


(A.16d) 


and where the thickness-dependent constants, Cj^ and are given by 


3i> Ch^ 1* At,, ) 


(A.16e) 


(A.16f) 


In these expressions, p is the mass per unit volume of the beam element, b is 
the width of , the ring, is the arc length calculated from Eq. A. 3, and Eq. 
A. 7 has been employed to accommodate the variable-thickness properties of the 
beam element. 
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The effective stiffness matrix supplied by the elastic restraints may be 

obtained from the variation of the work done by the elastic restoring spring 

forces, 6w : 

6 


- = 





* ) dr^ 


(A. 17) 


or 


- iWj 



iw C^l I 
Lf‘ 


where 




(A. 17a) 


(A. 17b) 


and and k^, respectively, are the linear elastic spring constants and k^ Is 
the torsional elastic spring constant. 

Substituting the assumed displacement function into Eg. A. 17, one has 


~ 6w^ - [a"] j [/vj [c] [nJ <^'1 [a"J(‘^J 

o (A, 18) 


5 J [-^s 1 {?] 


where 



(A. 18a) 
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■ effective element stiffness matrix 
supplied by the elastic restraint 


In the present analysis, the equations of motion for the complete dis- 
cretized structure are based on an "unconventional" formulation in which the 
conventional elastic stiffness matrix, [K] , does not appear explicitly. How- 
ever, in order to calculate an allowable time step size, At, for the condl- 
tlonally-stable central-difference timewise operator, the largest natural 
frequency contained in the (linear) mathematical model of the structure must 
be determined. To perform this calculation, the elastic stiffness matrix for 
the assembled structure must be computed. The elastic stiffness matrix for 

an element is obtained by considering the variation of the work of the axial 

~P 

stress, 6u^, expressed in terms of displacements and plastic strains, c in 
the form: 


s ^ <r 5r dV = ^ e Cl ^ I (A. 18 b) 


Employing the strain-displacement relations given by Eqs. A. 12 and A. 14, 
Eg. A. 18b becomes 


= L^gr( Ck'l [<» } I ■ ) 


(A. 18c) 


where [k] is the element elastic stiffness matrix and is given by 


?• 

■ebuCn") o 

'd, ] 



h' 

o 

Jz. 



(A. 18d) 


The additional terms in Eq. A. 18c are equivalent loading vectors corresponding 
to geometric and material no.ilinearities. These terms are employed in the 
conventional formulation of the equations of motion for the assembled struc- 
ture, but are not employed in the unconventional formulation used in the 
CIVM-JET 48 analysis. Again it should be emphasized that the elastic stiffness 
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matrix is used only in the calculation of the largest natural frequency of 
the structure, and is not used in any subsequent calculations. 

The equivalent nodal force which corresponds to the internal axial stress, 
o, can be obtained from the expression of the variation of the work of the 
axial stress: 


+ (A. 19) 

Substituting Eq. A. 14 into Eq. A. 19 and introducing the stress resultants for 
the beam cross section 


L “ 


J (TdA 

A. 



(A. 20) 


where the integrations are taken over the cross section, A^ of the ith beam 
element, E, is the interne! force, and M is the internal bending moment of 
the cross section, results in 


[ ] ( iq] L + lc>s} drj 

O 

7. 

+J((0,}LDj ^ {dJ LPj)Ldr^ ] 

O 

2 L 1 ( (pj ) 


(A. 21) 


where 



+ (oj mJ drf 


1 . 

[h] = J ( (d,} LO,J *■ (oj ioj ) L (A. 22) 

O 

Note that {p} and (h] are quantities pertinent to the unconventional formula- 
tion of the equations of motion, Eq. 2.1. The integrations along the centroidal 
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axis length of the beam element which appear in {p} and [h] of Eq. A. 22 are 
performed numerically by using the Gaussian quadrature scheme. The axial 
- force 1, and moment M at those spanwise stations will be described and evaluated 
next. 

Because of nonlinear material behavior, although the strain variation 
through the beam thickness, by the Bernoulli-Euler hypothesis, is linear, the 
variation of stress across the thickness may be nonlinear. For computational 
convenience, the stresses are evaluated at selected Gaussian points across 
the thickness, and the corresponding weighting factors are used in evaluating 
the pertinent integrals by Gaussian quadrature. The strain-hardening behavior 
of the material may be accounted for by using the mechanical sublayer model 
in which the material at each Gaussian station is treated as consisting of 
equally- strained sublayers of elastic, perfectly-plastic material, with each 
sublayer having the same elastic modulus but an appropriately different yield 
stress. For example, if the yield strain of the kth sublayer is e^j^, the 
yield stress of that sublayer is 

^ok = ^ =• 1, 2, ... , n) (A. 23) 


where E is the elastic (Young's) modulus. 

An illustration of the method of computing the cyial stress and/or 

plastic strain increment is presented as follows. One begins by knowing the 

sublayer stress a., , at time t , for the kth sublayer of the jth depthwise 

' jk,m-l m-1 

Gaussian station, and the strain increment Ac. _ at station j at time t (that 

3 F Hi m 

is the strain increment from timet , to time t ). One then takes a trial 

m-1 r* 

value (superscript T) of 0 ., which is computed by assuming an elastic path: 







rn - J 




(A. 24) 


A chock is then performed to see what the correct value of G , must be. 

]k,m 
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If -Oiic ^ ^ 


ok 


then *■ <^jk.r 


an<i ^ 




^ , p " ^”011 

and 


®jk,iTiA ^ “ ®”ok 


P ^Jlt ^ ®0*C 

then ®:k.^--«-ok and 


(A. 25) 


This procedure is applied to all sublayers of each Gaussian station j; 
having done this, the axial force and moment of the beam cross section can be 
determined by 


L= jaclA « r {f ) 


Mr]ar'^dA i b h r J, ( E cr^kAjk) 

A, •» ^ 


(A. 26) 


where A^^^ is a combination of the mechanical sublayer weighting factor and the 
Gaussian weighting factor W^, which is defined by 


Aa= 


(A. 27) 


In Eg. A. 27, w is the Gaussian weighting factor and 

j 


E.- 


^k - ^k-, 

- £k-/ 


(A. 28) 


is the kth slope of the polygonal approximate stress-strain diagram. 


If desired, the sublayer yield stresses may be treated as strain-rate 
dependent. Since the strain increment at the jth Gaussian station and hence 
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the rate-dependent 

(A. 29) 

where D and p are empirically-determined constants for the material and may, 
in general, be different for each atiblayer, is the static uniaxial yield 
stress of the )cth sublayer at any jth Gaussian station. 

Finally, by employing the standard finite-element assembling procedure, 
the resulting equations of motion for the "complete discretized structure" 
are (for impact-induced loading only) 


the strain rate is )(nown at this stage of confutation, 
yield stress of this Jeth sublayer at station j is 




'ok. 




* {p^J ^ o (A.30) 

where the nomenclature of each term is explained in Subsection 2.4. In the 
computer program it is convenient to employ Eq. A, 30 in the following form: 


where the terms on the right hand side are treated conveniently as one vector. 


A. 2 Collision-Interaction Analysis, Including Friction 

In the present collision-interaction analysis, the carved variable- thick- 
ness containment/deflection ring is represented by straight-line segments 
(Fig. A.l): (a) to identify in a simple and approximate way the space 

occupancy of the beam segment under imminent impact attack and (b) to derive 
the impact equations. The inertia effects of the impacted beam segments are 
taken into account by means of a lumped-mass collision model; that is, the 
ring is treated as having only point masses lumped at each nodal station as 
indicated in Fig. A. 2. Other simplifying assumptions which are invoked in 
the present analysis are described in Subsection 2.2. 

For the lumped-mass collision model, the impact-affected beam segments 
are represented, as depicted in the exploded-line schematic of Fig. A. 2, by 


concentrated masses m^^, ...» 


r • • • f 


(or i+k-1) , respectively, where 
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the rin<j-fragment collision point is encompassed by the jth segment which is 

bounded by nodal station j and j-t-1 a clockwise numbering sequence is 

used. In the collision analysis^ it is convenient to resolve and discuss 
impulses, velocities, etc., for both the fragment and the ring impact-affected 
nodes in directions normal (N) and tangential (T) to the straight line segment 
j; the positive normal direction is always taken from the inside toward the 
outside of the ring, while the positive-tangential direction is along the 
straight line from node j toward node j-tl (see Fig. A.2a}. Consequently, the 
lumped-maas velocities for each of the lmpac\~affected nodes and the ideallzed- 
fragment velocities are expressed with respect to this local N,T inertial 

coordinate system as , and 

in the exploded schematic shown in Fig. A. 2a. 

It is assumed that the instantaneous collision process results in a 
normal-direction impulse and a tangentially-directed impulse applied to 
the ring, and in equal but anti-parallel in^ulses to the fragment. The 
impulses applied to the ring are assumed to be distributed over the impact- 
affected nodes (see Fig. A. 2b) as 


_ ^ , I S. 1 \ ^ ^ 


I t 1,2,, • 


p . c(i- Lli 1 p H 




(A. 31) 


where (see Fig. A. 2b) the effective length*, bounds the impact-affected 

zone of the ring, which is the fraction of the ring that responds with momentum 
changes due to the collision of a fragment, is the distance measured from the 


For present purposes, L is taken to be equal to the finite-difference- 
calculation time interval At times the longitudinal wave speed (E/p) of 
the structural material; one may employ other estimates of if desired. 

In the preceding, E is the elastic modulus and p is the mass per unit 
volume. 
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impacted point to the ith Impact-affected node, and the constant, C, is 
determined by assuming that the sum of the in^ulse applied to each impact- 
affected node equals the total Impulse imparted; thus, 

t ' I (A. 31a) 


therefore, one has 



(A. 31b) 


The impacted-affected nodes are those nodes located within the impact 
affected zone; that is However, it is assumed that the two-mass 

nodes j and j+1 of the segment j which encompasses the impact point always 
respond to impact with momentum changes, even if the distance from the Impact 
point to one or both of the two nodes (j and j+1) is greater than 
6 and y be the distances measured from the "point of fragment impact" to 
masses m^ and respectively, as indicated in Fig. A. 2. The distribution 

of the impulses is-estimated-in-the following manner; 

(1) If 6 ^ and Y < then (Fig. A. 2c): 

= PjM C. 

(A. 32) 

Pit = PjT = ^ 

where 


and 



(A. 32a) 


(2) If g < L ,, and y > L ,,, then (Fig. A. 2d): 
etc — eit 

- C Pni (A. 33 

Pk-t - P(j,,jr - C Pt 
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c. I /I o^: 

' L't 

(3) If 3 > and y > A.2o) 

Piw - Pju “ s C«l p^ 


where 






and 


(A. 33a) 


(A. 34a) 


P,T P * C p S C. a(* p 

'^•T Or ^r Pr (A. 34 b) 

■ P<j.OT - Pt « Pr 

where 

C = '/( ) (A.34C) 

It should be emphasized here that the determination of which mass nodes 

fall within the impact-affected region is a discrete process in the sense 

that only mass node locations are considered Instead of considering the true 

volume of mass included in the impact-affected region of the structure. Such 

an approximation is made necessary by the use of a lumped-mass model in the 

collision-interaction analysis. In essence, the use of a lunped-mass model 

implies that the nodal mass represents the mass distribution in a region of 

the structure surrounding the node, and, thus, by including a mass node in 

the impact-affected region, one is automatically including, in the impact- 

affected region, that portion of mass in the region of the node. It is clear 

that, in general, this approximate technique will result in having more or 

less structural mass included in the impact-affected region compared with the 

true structural mass within L However, in an average sense, this dis- 

etr 

crepancy is within the overall approximate nature of the impact- interaction 
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analysis. In addition, the calculation of ^ff' which defines the distance 

the collision-imparted impulse "signal" travels in the structure during a 

finite time interval, is based on the global increment in time, At. This 

implies that the collision occurs at the beginning of a time step, and that 

the "signal" travels for a length of time equal to At. As will be shown in 

detail in Subsection A.S, the scheme employed in the present program can 

determine ring-fragiiient collision at any time within a given At. In general, 

a collision will not occur at the beginning of a time step, so that the signal 

propogates for a time. At*, which is less than At, and the true L .. is then 

etr 

less than the L .. based on At; however, L .. is assumed to remain constant 
e££ 6CC 

and is based on At. 'Jhis approximation of counterbalances the discrete 

process of determining which mass nodes fall within the impact-affected region. 
It is believed that these calculations, although approximate, will yield 
reasonable results for the fragment-impact- Induced structural response. 

Denoting by primes the "after-impact" translational and/or rotational 
velocities, the impulse-momentum law may be written to characterize the 
"instantaneous impact behavior" of the system, as follows: 

Normal-Direction Translation Impulse-Momentum Law 

(fragment) (A. 35) 

(ring impact-affected 

nodes) (A. 36) 


V 1 * 'Pm 






Tangential-Direction Translational Impulse-Momentum Law 



(fragment) 


(A. 37) 
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^ h 
> 

-V.-r - 

1 - 1 


(v,; 

- V/^r- 

II 



Pr 


(ring impact-affected 

nodes) (A. 38) 


Rotational Impulae-Momentum Law 

[co- - (fragment) (A. 39) 

where 

nij ■ mass of the fragment 

*■ mass moment of inertia of the fragment 
about its CG 

r^ ■■ the radius of the circular dls)c model 
of the fragment 

Pj^ ■ normal-direction impulse 

■ tangential-direction impulse 

a proportional constant which is equal to (Co') as defined 
by Eqs. A. 31 through A. 34. 


The relative velocity of sliding s" and the relative velocity of approach a' 
at the immediate "contact points" between the fragment (at C^) and the ring 
segment j (at C^) are defined by 


S ' = L Vj't - J - [‘ X , v/t 


* Oil 


<r] 


(A. 40) 




4 - - . 4 of* 


v/. J 


(A. 41) 


Substituting Eqs. A. 35 through A. 39 into Eqs. A. 40 and A. 41, one obtains 

5 = So “ Pt (A. 42) 
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(A. 43) 


where the initial (pre-impact) relative velocity of sliding S , the initial 

o 

relative velocity of approach A^, and the geometrical constants and B^ are 
given by 

5^ * C V^-j. - 3 " [ '^'T + • • • + ‘‘‘k.'^k.T 1 (A. 44) 

^a^2/v ‘ 3 (A. 45) 


B. 





+ 



(A 46) 


02 - 








+ 



(A. 47) 


where in Eqs. A. 44 and A.45_by defintion A^ ^ 0; otherwise, the two bodies 

will not collide with each other. Also, if s ^0, the fragment slides 

o 

initially along the ring segment. It perhaps should be noted that sliding of 
the bodies on each other is assumed to occur at the value of "limiting friction" 
which requires that when only rolling (i.e., no 

sliding) exists. For a given value of e and a given value of jj which, respec- 
tively, describes the degree of "plasticity" of the collision process, and 
accounts for the frictional properties (roughness) of the contact surfaces, 
20c+l)+3 equations (Eqs. A. 35 - A. 39 and Eqs. A. 42 - A. 43) can be solved to 
obtain the post-impact quantitites v'^^) , ' 

(V'.^, v'^) and u' as well as P^ and P^; these are the 2 (k+l) + 3 "unknowns". 

The graphic technique which provides a convenient way to obtain the 

values of P and P at the instant of the termination of impact as described 
N T 

in-Ref. 4 is employed in the present collision- interaction analysis. In this 
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technique, the trajectory of an "image" point P in the plane formed by the 

impulse coc dinates and P^ (Fig. A. 3) represents the state of the colliding 

bodies at each instant of the contact interval. The image point P which- is 

initially located at the origin and is denoted by P (?„ “ 0, P_ = 0) will 

o N T 

always proceed in the upper half-plane with increasing The locations of 

the line of no sliding S' ■> 0 and the line of maximum approach A' » 0 are 

determined by the system constants and B^. From Eqs. A. 42 through A. 47, 

it is tioted that B and B arc positive always; also the lines S' 0 and 
/•A • 

A' = 0 are parallel to the axis and the P^ axis, respectively, and inter- 
sect with each other at point P^ in the first quadrant of the P^^, P^ plane as 
shown in Fig. A. 3. Depending on the values of the coefficient of sliding 
friction Ut the coefficient of restitution e, the system constants B^^ and 

and the initial conditions S and A , several variations of the impact pro- 

o o 

cess may occur and will be discussed in the following. 

First, the cases in which the coefficient of sliding friction y ranges 
from 0<y<«> will be considered; the two special cases with y = 0 (perfectly- 
smooth contact surfaces) and y = ® (completely rough surfaces) will be dis- 
cussed shortly thereafter. 

Case I ; If 0<y<«’, the friction angle V and the angle ^ formed with the 
axis by the line connecting P^ and P^ are defined by 

•O = yL< 

and 


A. = 



(A. 49) 


Initially, the image point P travels from point P^ along the path P^L which 
subtends an angle v with the P^^ axis because the limiting friction impulse 
P^ = yp^ is developed during the initial stage of impact. Subsequently: 

(a) if y = tan v < tan A (Fig. A. 3a), line P^L will intersect 
the line of maximum approach A'' = 0 at point P^, before 
reaching the line of no sliding S'" = 0. The intersection 
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point represents the st<*te at the Instant of the 
termination of the approach period. This is followed 
by the restitution period; the impact process ceases 
at point P" (path coordinates of 

p" are 

= (l *■ ^) P^i 

Pt “ e.) 

where the ordinate of point P^^ is determined from 

the simultaneous solution of equations P^ b and 
a' *> 0, and is g^ven by 



(b) However, if u *■ tan V > tan A (Fig. A. 3b), line P L 

~ o 

will intersect the line of no sliding S' « 0 first 
at the intersection point ''hich marlcs the end of 
the initial sliding phase. The image point P then 
will continue to proceed along the line of no sliding 
S" = 0 through the intersection point P^ with line 
a' = 0 to the end of impact at point P' (path P^ - P^” 
P^ - P'). The final values of P^ and P^ are; 

= ('+ e.) 

p = la. 

6 . 

where P„. is the ordinate of point P, which represents 
N3 3 

the end of the approach period and is given by 


(A. 50) 


(A. 51) 


(A. 52) 


(A, 53) 


(A. 54) 
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* 


(A. 55) 


The above solution process can be specialized to 
represent the cases with u ■ 0 and p - ®. 

Case II ; If y o (perfectly smooth contact surfaces), lino P^L 

coalesces with the p„ axis. The image point P will move along the 5 axis to 

N N 

the end of impact. Thus 


p = (l 4- e.) As 


(A. 56) 


Pt 


* o 


(A. 57) 


Case III } If y = o» (completely rough contact surface), point P moves 
initially along the axis to the Intersection with s" •• 0, then will follow 
the line S' = 0 to the end of impact. The post-impact value of p^ and p^ are 


= ( I + e 

6, 


fAT58) 


Pt = 

B. 


(A. 59) 


Knowing the values of p^^ and p^ at the end of impact for the above dis- 
cussed various impact processes, the corresponding post- impact velocities then 
can be determined from Eqs. A. 35 through A. 39 as follows: 






Node 1 


(A. 60) 


V,; 
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V 


2 ki 


V ^ ^ 


v/r • v„ 


/ Node 2 


i 


(A. 61) 


+■ 


Vkt * ViiT + 


°^k Pa/ 


m I 


oikPr 


Node K 


(A. 62) 


Vr^ = Vc - fli 


Vt " - 4 


Fragment 


(A. 63) 


= 60 ^ -f ^ 

If 


Tlius, t)iis approximate analysis provides tlie post-impact velocity information 
for the impact-affected nodes of the ring and for the fragment so that the 
timewise step-by-step solution of this ring/fragment response problem may 
proceed. Note that these post-impact velocity components are given in direc- 
tions N and T at each node of the idealized impact-affected ring segments; as 
explained later, these velocity components are then transformed to (different) 
global directions appropriate for the curved-ring dynamic response analysis. 
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A. 3 Prediction of Containment/Deflector Ring Motion and Position 

The timewise solution of the resulting equations of motion for the 
"complete assembled discretized structure", Eq. A. 30, may bo accomplished by 
employing an appropriate timewise finite-difference scheme. The 3-polnt 
central-difference operator is chosen for use in the present analysis. In 
this solution scheme, the relations between displacements and displacement 
increments at any instant of time arc 

(A. 64) 

and 

/ rL - ^ ^ <a,65) 

At time t , the acceleration and velocity may bo expressed in terms of 
m 

displacement increments by the following central-difference finite-difference 
expression: 

® hitnz L = j.fi7 "Jifia-. + 0(At/(A.66a) 

^ Ut)^ (Atp 

I % ~ ~ + 0(At) (,V66b) 

Ipt) 2 Oxt) 

Employing Eq. A. 30, the unconventional form of the dynamic equations of motion 

at any time instant t becomes 

m 

(a.67) 

Since the right-hand side of Eq. A. 67 is )cnown, one can solve for 

Because the assembled mass matrix, [M*l, is a diagonal matrix, the "inversion" 

of (M*J required for the solution of Eq. A. 67 is accomplished si.mply by talcing 

the inverse of each diagonal term in [M*]. In practice, only the diagonal 

entries in (K*l are .retained in the computer storage. With now known, 

one can calculate {Aq*l , from Eq. A. 66a as 

m+1 
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(A.68) 


Thus, from Eq. A. 64 one has 




(A. 69) 


The calculations of ®"d have been made assuming that no ring- 

fragment collisions have occurred between time instants t and t ... However, 

m m+1 

a ring-fragment collision may occur between time instants t and t this 

m m+i 

would require a "correction" to the from Eq. A.68. Thus, one 

first uses Eq. A.68 to form a trial value (overscript T) for {Aq*} ,,, and, 

m+i 

hence, a trial value for {q*} ! 

m+1 


I ■ i * 1 


(A. 70) 


Next, the collision inspection and correction procedures, which will be 
described in Subsection A. 6, are performed to determine the actual displace- 
ment increments Then the actual displacement at time is given 

by Eq. A. 69. 

After the calculation of {Aq*} emd {q*} ,, the strain increment at 

nt+1 m+i 

any point in the element can be obtained, with the strain increment available, 
the stress increment and stress is computed from the stress-strain relation. 
Then the stress resultants are obtained. Equations A. 67, A.68, and A. 69 
furnish the displacement increment and displacement for the next time step. 

The process is cyclic thereafter. 

It should be noted that no "commencing sequence" is required in the 

present analysis for the central-difference timewise operator. This is 

because there are no prescribed initial velocity distributions or prescribed 

externally-applied forces in the present analysis; only impact-induced 

_ structural motion is taken into account. Thus, the ring structure is assumed 

to be at rest (thus {Aq*} = {q*} = 0) at all time instants prior to initial 

m ni 

fragment-ring collision. When initial (and subsequent) fragment-ring collision 
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occurs, a nonzero value for {Aq*} results, which is determined from the 
impact-interaction scheme, and no additional starting sequence is required. 

A. 4 Prediction of Fragment Motion and Position 

In the present analysis, the fragment is assumed (see Ref. 3) to be 
nondcformable and, for analysis convenience to be circ\ilar; hence, its equations 
of motion for the case of no externally-applied forces are: 


tri^ - O 


(A. 71) 




(A. 72) 


0 = O 


(A. 73) 


where (Y^,Z^) and (Y^, 2^) denote, respectively, the global coordinates 

and acceleration components of the center of 
gravity of the fragment (see Fig. A. 2). 

0 represents the angular displacement of the 
fragment in the +u)^ direction (Fig. A. 2). 

In timewise finite-difference form, Eqs. A. 71 throug): A. 73 become 


• (^Y,l 


(A. 74) 




(A. 75) 


= (»e). 


(A. 76) 


where overscript "T" signifies a trial value which requires modification, as 

explained later, if ring-fragment collision occurs between t and t 

m in+i 
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A. 5 Calculation of Ring-Fragment Time of Contact 

In this subsection, an Improved method* for determining the time of ring- 

fragment contact will be developed. It is assumed, based on the ring node 

and fragment c.g. locations at time t^, that no overlapping of ring-fragment 

geometries occurs at time instant t , , based on the (trial) ring node 

nt 

and fragment c.g locations at time Instant, t that overlapping of ring- 

W+i 

fragment geometries does occur at time t Thus during the finite increment 

in time, At(« t - t ), ring- fragment contact must have occurred. The 
m+i n\ — — 

problem, then, is to determine at wh*t time, between t and t ring-fragment 

m mri 

contact occurs, and where on the C/D structure it occurs. 

In the present development, only a single fragment and single element 
need be considered; a similar calculation can be carried out for each element 
separately and for each fragment being considered. Consider the uniform- 
thickness straight beam element shown in Pig. A. 4. As noted in Subsection A. 2, 
the (generally) curved element is approximated, for the intact analysis, as a 
straight beam, and. In addition, the variable-thickness element will be assumed 
to be of uniform thickness (equal to the average thickness, h, of the element) 
for the Impact analysis. The global Y,Z coordinate system is taken as the 
reference system for this analysis. Define vectors and (see Fig. A. 4) 
such that Pj is the vector from node 1 to node 2 and is the vector from 
node 1 to the fragment c.g. The vectors P^^ and P^ define the relative posi- 
tion of node 2 and the fragment c.g., respectively, with respect to node 1 
at time" instant t^, where it has been assumed that no ring-fragment overlapping 

occurs at time t . 

m 

The perpendicular distance, d, from the fragment c.g. to the vector 

(midsurface of the element) at time t can be obtained by using the vector 

tn 

cross-product: 

^ 'P. - (p.P. 

where p^ is the magnitude of the vector P^ and 6 is the angle from “Pj^ to"P 2 . 
Denotin j the nodal coordinates by and (i = 1,2) and the fragment c.g. 
coordinates by and Z^, the vectors Pj^ and P^ can be expressed as 

Improved compared with that used in Refs. 1 and 3. 
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(A. 78) 


P. • (Y, -Y,-) t, + 


and the distance i d, at time t is calculated by 

m 


4- (Z.-Z, 


(A. 79) 


In order to calculate the time of contact, the perpendicular distance, d, 
from the fragment c.g. to the element midsurface must be )cnown as a function 
of time. The element nodal and fragment c.g. velocities and nodal accelera- 
tions are )<nown at time t , and the accelerations are assumed to be constant 

m 

over the finite increment in time, At(= t - t ). Denote the velocities and 

m+i m 

accelerations in the Y and 2 directions at node i by v , , v , , a , and a 

yi zi yi zi 

respectively, and the fragment c.g. velocities in the Y and 2 directions by 

V , and V respectively. The position of node 1 (for example) as a function 
yt zt 

time, y^^(t), can then be expressed by the following Taylor series expression: 


Y. (t; = Y ^ Vy.t ^ f ay,t^ 


(A. 80) 


where the time reference has been shifted in such a way that t=0 corresponds 
to time t^. Expressions similar to Eq. A. 80 can be obtained for the quantities 
^^(t), y^(t), and z^(t) where it is noted that the acceleration 
of the fragment is zero. When these expressions are substituted into Eq. A. 79, 
an expression for the distance, d(t), from the fragment c.g. to the element 
reference surface, as a function of time is obtained in the form 


J(t)= Be 

[Ft‘^ f Gt^ + He + It 


(A. 31) 
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where 



(A. 82a) 


(A. 02b) 

C * [C ~ 2 ,) fljr, 

(A. 82c) 

O' CYf- Y. )Cvi^- ViJ *(vrf -Vr,) (2^ -l,) 

■h(irXf)(VY,-YY.) •^-(VirYif)(Yi-Y,) . 

(A.82d) 

£ = (ZrZi) CY.-Yf) - (Y-Yt) (z.'Zf) 

(A.82e) 

F' ' ^ 

(A.82f) 

G = CdY^-ay,) Cv^t-Vy.) 

~(A.82g) 


(A.82h) 

I ' z [(Yi-Y)Cyy^-Vy.) t Czi-2.) (y^^'Yg.)] 

(A.82i) 

(Yi-y.)" 

(A.82j) 


It should be noted here that the coefficients in Eq. A. 81 are dependent only 

on the element nodal and fragment c.g. locations, velocities, and accelerations 

at time instant t . The tine of contact is defined as that time at which d(t) 
m 

IS equal to the critical distance, d^, where the critical distance is the sum 
of the radius of the fragment, r., and half the average element thickness, h: 
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(A. 83) 






cJc = rf 

Thus, the calculation of the time of contact, t , reduces to the solution of 

c 

the following equation: 

-h Bt^ i- Ct‘ + Dt E (A. 84) 

or 

Af*Ft^Ct'»Dt+£ = tJj''" (A.85) 


Several approaches for the solution of Eq. A. 85 may bo envisioned. However, 
before discussing the alternate approaches, it is important to note that the 
only solution of Eq. A. 85 which is of Interest in the calculation of time of 
contact" must be non-negative and less than or equal to At since contact must 
occur between time t and time t (recall that At ■ t - t ). Since At is, 
typically, of order 10 ^ or 10 the solution method chosen must be able to 
solve Eq. A. 85 accurately for small values of t. 

Because no closed-form solution of Eq.' A. 85 is available, the use of a 
numerical iterative (approximate) solution scheme such as the Newton Raphson 
procedure would be necessary. However, such schemes often suffer from poor 
convergence behavior unless an accurate "initial guess" is made. For the 
general impact problem, the use of such numerical iterative schemes has thus 
been judged to be too unreliable and more direct methods have been sought for 
the solution of Eq. A. 85, as discussed next. 

The right-hand-side of Eq. A. 85 (term in brackets) is expanded in a Taylor 


series about t=0 as 




7Z yr/z ^ -jVI + 2 j 


l1 

/£6 jVi -QjW 


^ - h£L J** - (A. 86) 


'*■ OCt^) 
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If the terms of order t^ are neglected and Eq. A. 86 is substituted into 
Eq. A. 85, the following quartlc equation results: 

' /is ' ■'^*'4* 

•{s-dc (7k "A''‘)]t"*[C'<lc(^*- 

^/.)Jt‘ *[d-<I, * [e- 4 = o 

The advantage of using Eq. A. 87 in place of Eq. A. 85 Is that closed-form solu- 
tions to quartlc equations are available (see, for example. Ref. 5); thus, a 
computer subroutine which obtains the real roots (Imaginary roots are of no 
Interest in the present time-of-contact solution) of a general quartlc equation 
has been included in the present CIVM-JET 4B program. The coefficients in 
Eq. A. 87 are determined from known displacement, velocity, and acceleration 
information using Eqs. A. 82, and the calculation of the time of contact is 
thus reduced to the solution of Eq. A. 87. 

Numerical experimentation with the solution of general quartlc equations 
suggests that the roots of larger magnitude are predicted more accurately. 

In particular if, for example, the exact solution of a given quartic equation 
has one real root of order 10 and another real root of order 1, then— the 
order 1 root will be predicted accurately, but large errors will be found in 
the prediction of the order 10 ^ root. In tlie present Impact analysis, the 
roots of interest are of the order of At (typically 10 . To avoid errors 

in the prediction of these small roots, a change of variables, namely t=l/x 
is made in Eq. A. 87, and the resulting quartic equation in x is solved. In 
this way, the x roots of interest are large (corresponding to small t roots) 
and accuracy of these roots is assured. It should be noted that if the constant 
term in Eq. A. 87 is zero, then t=0 is a valid root and the solution of the full 
quartic is not required. 

Finally, it is important to clarify under what conditions the use of 

Eq. A. 87 instead of Eq. A. 85 is valid. The only approximation employed in the 

development of Eq. A. 87 is that the right-hand-side of Eq. A. 85 can be approxi- 

4 

mated by a Taylor Series expansion, retaining only those terms up to order t . 
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The coefficients in Eq. A. 86 arc related only to information at the nodes of 
the element and, in fact, Eq. A. 86 is an expression for the change in the 
length of the element as a function of time. The use of Eq. A. 87 in place of 
Eq. A. 05 is deemed valid if for the values of t of interest (i.o. 0 £ t £ At), 
the Taylor series of Eq. A. 86 can be showe to behave as 

where is the element length at time zero. It can be shown, after some 

manipulation, that the behavior of the Taylor series Is (at worst) that given 

by Eq. A. 88 If the relative displacement in the time increment:. At, of node 2 

with respect to node 1 in a direction parallel or perpendicular to the clement 

midsurface does not exceed 10% of the elenh^nt length at the beginning of the 

time Increment (i.e. at time t ). This condition should be satisfied for all 

n 

conceivable engineering applications of the current ring-fragment impact 
analysis and, thus, t)ie use of Eq. A. 87 to calculate the time of ring-fragment 
contact (impact) is jistified. 

In summary, when ring-fragment impact is determined to occur between 

times t and t Eq. A. 87 (along with Eqs. A. 82) is employed to calculate 
m m+i 

the time of ring-fragment contact, t^, within that time interval. In practice 
(as will be explained in detail in the next subsection) , this calculation is 
performed for each element in order, considering each of the n attaclcing 
fragments one by one. The only roots of Eq. A. 87 which are considered valid 
are those real roots which satisfy 

O ^ 't' (A-99) 


when a valid value is found for t^, the point of ring-fragment contact. 


p , can be calculated by the following vector dot product: 
c 


a - ^ 
'P.l 


(A. 90) 


The quantity p^ i: 


where the vectors P, and P, are evaluated at time t = t . 

12 c 

the distance from node 1 to the point of contact divided by the element length 

(at time t ). The point of contact, as defined by Eq. A. 90 must be between 
c 

0 and 1 for contact to have occurred on t)>e element length, i.e. 
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If Eq. A. 91 is not satisfied, contact has not occurred on the element length. 
Thus, both Eqs. A. 89 and A. 91 must be sati';fied for element-fragment contact 
to be valid. Note that the method dcvelopea in this subsection will, in 
general, determine contact between a fragment (assumed to be circular) .ind 
an infinitely- long straight "element" passing through nodes 1 and 2 of the 
actual structural element under consideration, and thus, the condition given 
in Eq. A. 91 must be Imposed. 


A. 6 Collision Inspection and Solution Procedure 


A. 6.1 One-Fragment Attac)c 

The collision inspection and solution procedure will be described first 
for the case in which only one ideali 2 ed fragment is present. With minor 
modification this procedure can also be applied for an n-fragmont attac/c .is 
discussed in Subsection A. 6. 2. 

At various stages in the impact inspection and solution procedure, the 
updating of ring node (or fragment) positions and/or velocities is required. 
In the interest of conciseness, the form of these updating equations is 
presented now, and reference to these equations will be made. The locati on 
(denoted by an over-bar) of the ring nodes {q*}^, i. ■'•me time t' is given by 

IVlt' ■" ^ ["Clf (A.92) 

v/here is the initial (i.e. t=0) location of the ring nodes and 

is the total displacement of the ring nodes up to time, t=t'. The location 
of the ring nodes, ^ time, t=t'-*-At' (within a time increment 

/it), in terms of the location {q*}^, , velocity {q*}^,« and acceleration 
of the ring nodes at time, t=t* , is given by the following Taylor Series 
exparv-'ion: 
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It should bo noted that Eq. A. 93 can bo derived from the central difference 
expressions, and is thus consistent with the central difference timewise 
operator employed in the present CIVM-JET 4B program. Finally# the velocity 
at some time, t*t'+At', is given by the expression 


“ [i]t' 

Equations A. 92 through A. 94 have been written for the ring nodes; the updating 
equations for the fragment are of the same form with the acceleration of the 
fragment taken to be zero. It should be noted that the acceleration of the 
ring nodes is assumed to be constant within a time increment and is equal to 
the ring-nodo acceleration at the beginning of the time step being considered. 

The following procedure indicated in the flow diagram of Fig. 7 may be 

employed to predict the motions of the ri.ng and rigid fragment, their possible 

collision, the resulting collision- imparted velocities experienced by each, 

and the subsequent motion of each body: 

Let it be assumed at time t that the displacements (q*)^# (V.) , 

m m E m 

and (2,) and displacement increments fAq*} , (AV.) , and (AZ,) 
f m m r m t m 

are known. One can than calculate the strain increments (Ae) 

in 

at all Gaussian stations along aijd through the thickness of the 
ring. 


S top I t 



Step 2 : Using a suitable constitutive relation for the ring material, the 

stress increments (Aa) and the plastic strain increments (Ae^) at 

m m 

corresponding Gaussian stations within each finite element can be 

determined from the known strain increments (Ae)„. This inforina- 

m 

tion permits determining all quantities on the right-ha^d side of 
Eq. A. 67. 

Step 3 : Solve Eq. A. 67 for the nodal accelerations, then solve for 

the trial displacement increments, {Aq*}^^^^, by using Eq. A. 63, 
the trial ring displacements, using Eq. A. 70, and use 

Eqs. A. 74 thiough A. 76 for the trial fragment displacement incre- 
ments (A?,) ,, (a5,) ,, and (A^) . In addition, the ring 

- r m+1 r m+1 m+i 

node velocities {q*} at time t are calcalated by using Eg. A.'Cr. 

m a 


270 



I I I I ( 




for those nodes not impact-corrected during the previous time 
cycle, and using the impact-corrected velocity updated to the 
end of the previous time cycle for those nodes subject to impact 

corrections during the previous time cycle. It is assumed that 

• • • 

the fragment velocities, (Y.) , (52.) , and (0.) at time t are 

I m t m I m m 

known. 

Since one or more ring- fragment collisions may have occurred 
between t^ and the following sequence of steps may be employed 

to determine whether or not a collision occurred and, if so, to 
effect a correction of the displacement increments of the impact 
affected ring segments and of the fragment. 

■j'.ep 4 i In the present scheme, several collisions may occur during a given 
global time step At =» “ '"m^ ' '^hus, the global At will be 

subdivided into subincrements in time which will be denoted by 
At*, where At* is the time remaining in the global At and is given 
by 


■=■ i„*i ' (A. 95) 

where t* is the reference "beginning" time for the current colli- 

sion inspection cycle. Thus, for the first inspection for a given 

At, t* must be initialized to t , and At* must be initialized to 
m m 

At. In subsequent inspections (if any) within this At, the value 

of t* will be updated to the time of ring-fragment contact, and 
m 

Eq. A. 95 will be used to calculate At*. Because the impact inspec- 
tion is most conveniently carried out in the global Y,Z coordinate 
system, one first transforms the nodal displacement, velocity, 

and acceleration vectors at time t . {q*} , {q*} , {q*} , into the 
^ m m m m 

global Y,Z coordinate system (note that the fragment information 

IS already in the global Y,Z system). Then the ring node ard 

fragment locations, {q*} , (Y.) , etc. at time t are calculated 

n f m m 

by using Eq. A. 92 and the trial ring node and fragment locations at 
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time t . , , {q*) , (Y.) , etc. are calculated by using Eq. A. 93 

in+ 1 o+ 1 t rvt i 

(where t'-t , and At**At*). Having completed these initializations, 
in 

the following sequence of substeps may be employed to determine 
whether or not a collision occurs within the subincrement At* 

(“At on this first inspection) . 


Step 4a ; 


To chc -k for the possibility of a collision between the fragment 

and ring element j (approximated as a straight beam) as depicted 

in Fig. A. 5, compute the trial projection the lino 

from ring node j to point at the center of the fragment, upon 

the straight line connecting ring nodes j And j+l, as follows, at 

time lnst“''.t t , : 

BH-1 


(Pj),... ~ 



4 



COS (^ 


(A. 96) 


whore the Y,Z arc inertial Cartesian coordinates obtained from 
II T 

{q*}^^j^, etc. Now, examine three cases are 

illustrated in Fig. A. 5a. 


Step 4b ! 


Step 4c ; 


If(o) <Oorif(p.) where H. > 0, a collision between 

m-t-l ^3 m+1 3 D 

the fragment and ring element j is impossible. Proceed to check 

ring element j+1, etc., for the possibility of a collision of the 

fragment with other ring elements. Mote that is the length of 

the jth element at time 

If 0 < (p ) < £., a collision with ring element j is possible, 

- *^3 m+1 - 3 

and further checking is pursued. Next, calculate the fictitious 

T 

"penetration distance" (a ) of the fragment into ring element 
j at point by (see Fig. A.5b): 



(A. 97) 
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step 4d ; 


Step 4e ; 


Step 5 : 


[ - 


where 

" average distance from the reference surface 
to the inner surface of the ring element 
which is approximated as a straight be£un in 
this "collision calculation”. 
tg > radius of the fragment. 

^ T T -7 (A. 98) 

+ LHj - CO-!, 


> the projection of the line connecting node 
j with the center of the fragment upon a 
line perpendicular to the line joining nodes 
j and j+1. 


Next, examine which is Indicated schematically in Fig. A. 5b 

and is given by Eq. A. 97. - 


T 

If (a.) < 0, no collision of the fragment upon element j has 

J m+I ““ 

occurred during the time interval from t* to t ... Hence, one 
’ m m+1 

can proceed to check element j+1, etc. for the possibility of a 
collision of the fragment with other ring elements. 


T 

If (a.) > 0, a col) ision has occurred. Steps 4a through 4d 

j m+1 ,p 

are repeated for each element; if no positive values of 

have been found, no ring-fragment collisxons have occurred; then 

T 

proceed to Step 9. If any positive values of (a have been 

found, ring- fragment collision has occurred; proceed to the next 
step. 


Since ring- fragment collision has been determined to have occurred 

between times t* and t ,, the following sequence of substeps nay 
m w+l 

be employed to determine the time and location of ring-fragment 
contact: 
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step 5a ; Given the locations and velocities of the fragment and the nodes 
of element j at time t*» form the coefficients A-G given by Eqs. 

A. 82 and solve for the roots of Eq. A. 87. Choose the smallest, 
positive, real root, if this root satisfies Eq.' A. 89 (whore At in 
Eq. A. 89 has been replaced by At* here) 


O S t S A*-* 


(A. 99) 


then this root is the time of contact element j, and 

proceed to the next step. If thin root does not satisfy Eq. A. 99, 

set (t ) . equal to a large negative number and proceed to the next 
c 3 

element. 


Step 5b ; 


Special consideration must be given to the case where (t ) .=0. 

^ J 

Because the present scheme allows for several subincrements. At*, 

in time within the “global" Increment in time. At, for the purpose 

of collision inspection and correction, the value of (t ) .=0 is 

^ J 

allowable only if this element has not been impacted at some prior 

time during the current global increment in time. At. Thus, a 

"flagging" array is set up at the start of each At l.o determine 

whether or not a particular (t ) .=0 is allowable. If (t ) .=0 is 

c 3 c 3 

not allowable, set (t ) . equal to a large negative number and 

^ J 

proceed to the next element. Otherwise, proceed to the next step. 


Step 5c; The point of contact, (p ) ., on element j is now calculated by 

^ 3 

using Eq. A, 90. This value is then inspected to determine whether 

or not contact occurs within the actual boundaries of element 3 . 

If (p ) satisfies Eq. A. 91 (repeated nere for convenience) 
c 3 


Cp.)j i I 


(A. 100) 


then contact has occurred on demerit j, and one proceeds to the 
next element. If Eq. a. 100 is not satisfied, contact has not 
occurred on element 3 : set the jth element) equal to 

a large negative number and proceed to the next element. 
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step 5d ; Steps 5a through 5c are repeated for each element until all ele- 
ments on the main structure have been considered. In practice, 
several allowable values of t^ can be found, corresponding to 
different elements, in one subincrement in time. At*, the desired 
value being the minimum value of all allowable values. Thus, 

a quantity, which is the minimum of all calculated (allow- 

able) values of (t ) , is initialized to At* just prior to Step 

® j 

5a. Following Step 5c, the calculated value of j is compared 
with the current value of the following condition is 

satisfied 


Os ajj s 


(A. 101) 


then the value of (t ) , is redefined to be the value of (t ) .. 

c min c j 

When all elements have been processed, the quantity will 

contain the actual minimum value of all values of (t ) ,. The 

c 3 

element number and point of contact associated with this value of 

(t ) , are also identified. Because of the form of Eq. a. 101, 
c min 

if equal values of calculated for two or more elements, 

the higher clement number will be associated with (t ) , (ele- 

c min 

ments are processed in ascending numerical order) . Following the 

determination of (t ) , , a "flag" is set for the element corres- 
c min 

ponding to (t ) . indicating that a value of (t ) .=0, for this 
’ c min c 3 

element, is not allowed during the remaiiider of the current global 
increment in time. At. 


Step G : Having determined the time of ring-fragment contact, the ring-node 

positions, {q*} , and the fragment position, (Y.) , etc., are 
m t m 

updated to the time of contact by using Eq. A. 93, and the ring- 

node velocities, {a*} ,' are updated to the time of contact bv 
■ m 

using Eq. A. 94. For both calculations, t'=t*, and At' = (t ) 

^ me min 

Again, it should be recalled that (t ) is the time of contact, 

^ c min 

referenced to time t*. The reference beginning time, t*, is now 

m m 

updated to the time of contact by 
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Step 7 : 





r 


I 


' “C#n 

and the time subJ ncrament. At*, remaining in the global increment 

in time, At, is updated by using Eq. A. 95. The quantities {q*} , 

• m 

(q*) , (Y-) # etc. are no longer needed, so their values are 
m r m 

rcplac^^d by the apprepriate updated values. Thus, the quantities 

{q*} , {q*} » (Y-) , (Z.) , and (0-) now refer to the ring node 
m m cm cm cm 

locations and velocities and fragment locations in the global ‘f,Z 

coordinate system, at time t* which is the time of ring-fragment 

m 

contact (see Eq. A. 102). 


Based on the collision- interaction analysis developed in Subsection 

A. 2, the post- impact velocities of the impact-affected ring nodes 

and the fragment are now calculated. That is, the pro-impact 

nodal velocities ({n*} at time t = t*) and fragment velocities 

n 

(Yg, Z^, 0^ at time t = t^) are updated to their post- impart 
values using Eqs. A. 60 through A. 63. 

(Note that Eqs. A.60-A.63 are written in terms of an N,T coordinate 
system, as defined in Subsection A. 2. Thus, the nodal and frag- 
ment velocities, assumed to be in the global Y,Z coordinate system 
prior to the collision-interaction analysis, must be transformed 
into the N,T system at the start of the collision-interaction 
analysis, and the resulting post-impact velocities, calculated in 
the N,T system via. Eqs. A.60-A.63, must then be transformed back 
to the global Y,Z system after completion of the collision-inter- 
action analysis). 


For convenience, the post-impact velocity information, in the 
global Y,Z coordinate system, is assumed to "replace" the pre- 
impact velocity information. Thus, the quantities {q*} , (Y ) , 
• a m f m 

(Z.) , and (if,) now refer to the post- im; -act velocitv of the 
f m f m 

ring-nodes and fragment at the time of contact, t*. 

m 
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step 8 « A declalon must now be made concerning whether or not to continue 

on to another collision inspection. The collision inspection/ 
correction process is repeatedi (1) if the value of At* is posi- 
tive and (2) if the number of collision inspection/corrections 
within the current At has not exceeded a specified maximum^ (equal 
to 50 par fragment in the present analysis). If either of those 
conditions is violated, no further Inspection is performed, but 
if both conditions are satisfied, further collision-inspection is 
carried out. In either case, the next step is followed. 


Step 8a ; Before proceeding to the next collision inspection (or proceeding 

to Step 9, if no further inspections arc to be made) , the ring- 

node and fragment (trial) positions at time t must be updated 

- using their positions, post-impact velocities, and accelerations 

(ring nodes only) at time t*, but using Eq. A. 93 with t*=t*, and 

m nt 

At'=At*. If further collision inspection is to be done. Steps 4a 

through 8a are then repeated to determine whether or not a ring- 

fragment collision occurs during the subincrement of time, At*, 

from time t* to time t ,, and, if so, to effect a correction of 
m m+1 

the impact-affected ring nodes and fragment velocities. If no 
further collision inspections are to be carried out (because of 
the conditions stated in Step 3) the next step (Step 9) should bo 
followed. At this poi.nt, the reason for the special consideration 
given to the case (t^) =0 in Step 5b can be clearly seen. The 
ring node and fragment positions have already been updated to 
the time of contact, t*, via Step 6. On the next pass through 
Steps 5a- 5d (calculation of the time of contact during the sub- 
interval in time At*), the ring and fragment are, in fact, in 
contact (recall that a contact tine of zero corresponds to time 

t*) and a value of (t ) „ will be obtained from Eq. A. 87 for 

m c 3=0 


In the present impact inspection scheme, corrections must be made for all 
ring-fraqnent collisions to avoid spurious results in subsequent inspections. 
The specified maximum of 50 has oeen included only to guard against user 
i 'put errors. In practice i'assu,~ng correct user input information) tnis 
limit should never be exceeded. 
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that element impacted during the previous At*. Thus, the special 
consideration and flagging procedure described in Step 5b must be 
employed so that multiple corrections for the same ring-fragment 
collision can bo avoided. 

Stop 9 ; This step will be executed when no (further) ring-fragment collisions 

are found up to Lime The corrected ring-node and fragment 

displacements in the global Y,Z coordinate system at time t , 

V m+ i 

arc now calculated by solving Eq. A. 92 for where t'=t 

t , m+1 

The velocity at those nodes affected by one or more impacts is 
then updated to time t using Eq. A. 94 where t'=t*, At'=At* and 

ITl+1 W 

assuming that {q*}^* * fq*}_ • It should bo noted that the velocity 
t* t 

m m 

at time t , for those nodes not affected by impact is calculated 
m+1 

using the central-difference expression as discussed in Stop 3. 

The corrected nodal displacement and velocity vectors, currently 
in the global Y,Z coordinate system, are now transformed baclt into 
the appropriate ring coordinate system. Following this transforma- 
tion, the correcte d ring node and fragement displacement increments 

({Aq*} ,, (AY ) , etc.) are calculated by subtracting the dis- 

m+1 t m+1 

placements at time t (i.e, {q*l , (Y.) , etc.) from the corrected 
‘ m m f m 

displarencnl s ttne ^ • 

Step 10 : Having determined the corrected^ displacement increments and dis- 

placements for the ring elements and fragment, this time cycle of 
calculation is now complete. One then proceeds to calculate the 
ring nodal coordinate increments and the fragment coordinates for 
the time step from t^^^ to starting with Step 1. The pro- 

cess proceeds cyclically thereafter for as many time increments 
as desired. 


^It should be noted that in this approximate calculation, only the coordinate 
increments of the fragment and of the impact affected ring segments are 
corrected- Those for all other ring segments are regarded as already being 
correct. The time increment At is regarded as being sufficiently small to 
make these approximations acceptable. 
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This solution procedure may be carried out for as many time steps 
as desired or may be terminated by invoking the use of a termination criterion 
such as, for example, the reaching of a critical value of the strain at the 
innor surface or the outer surface of the ring. Appropriate modifications of 
this approximate analysis could be made, if desired, to follow the behavior 
of the ring and the fragment after the initiation and/or completion of local 
fracturing of the ring has occurred; however, this has not been done in the 
present program. 

Finally, note that it is possible for the fragment to come in 
contact with two ring elements simultaneously. In this situation, a correc- 
tion would be made for the higher-numbered element first as noted in Step 5d. 
The higher-numbered element will then be "flagged" as being impacted and on 

the next subincrement in time, At*, a value of (t ) ,«0 will be found for the 

^ j 

lower-numbered element and a correction will be made. A similar situation 
arises when multiple fragments impact the ring simultaneously, as will be 
discussed in the next subsection. 


A. 6. 2 N-Fraqment Attack 

In the case of "attack" by n idealized fragments, each with its 
individual m^, I^, r^, and a similar procedure is used. During 

each At*, the collision-inspection procedure is carried out for every fragment; 
none, some, or all of these n fragments may have collided with one or more of 
the ring segments. If any positive penetration distances are computed, the 
calcilation of ring-fragment contact time will follow for each element and 
each of the n fragments in turn. This calculation sequence will identify the 
first ring-fragment contact within At*, and the fragment number and element 
number involved in the collision. The appropriate corrections, as a result 
of this collision, will be made, and the process will be repeated for the 
next At*. During the next At*, the same fragment or a different fragment may 
collide with the ring structure; the appropriate corrections will then be 
made for this collision. This process is repeated until either (1) more th->.n 
50 ring- fragment collisions occur for a given fragment, or (2) the value of 
At* IS zero, which occurs at t=t ,, or (3) no (more) ring-fragment collisions 
arc found witnin the global time step. At. After all of the corrections ha-e 



f 


been carried out for the present At time Interval, the calculation process of 
Fig. 7 proceeds similarly for the next At. 

Note that It is possible for two or more fragments to impact the 

ring structure simultaneously. This plausible situation is accommodated in 

the present scheme. Because of the "flagging" scheme discussed in Step 5b 

of the previous subsection, the collision Involving the higher fragment number 

will be corrected for first ( and will be flagged). On the next At* (sub) step, 

the next highest fragment number involved in the simultaneous impart will 

yield a value of correction will be made corresponding to 

this ring- fragment collision, and so on, until corrections have been made for 

all fragments involved in the simultaneous impact. In essence, the ring 

structure and fragment positions remain unaltered while a series of corrections 

is made (with (t ) . =0) , corresponding to all of the fragments which impact 
c nin 

simultaneously. 

Finally, it should be noted that no provisions have been made for 
collisions (or interactions) between the fragments themselves. Thus, all 
collisjons (and subsequent interactions) are assumed to bo between a fragment 
and the ring structure. 

A. 7 Ring-Fragment Coll ’ iion on or Near a Constrained Node 

The impact-interaction analysis presented in Subsection A. 2 is based on 
the assumption that all nodes within the impact-af footed region are free to 
respond with velocity changes as a result of ring- fragment collision. If any 
of the nodes withn the impact -a f fc-c ted region are constrained, then the 
analysis of Subsection A. 2 rust be -odified slightly. These modifications, 
and their subsequent applicstion to the present 'inalysis, are described in the 
present subsection. 

"or the present analysis, assv.me that^one of the nodes within the imract- 

affect'-d rcqi3ii is _or.s trained luc' that no normal or tangential motion is 
permitted. Denote this node naniber by the subscript "c". At node c, the 
constraint will contribute ^ react-on force (or reaction impulse) so that the 
translational imp^ise-nore- ttir. relations (fCqs. A. 36 a.nd A. 38) at node c must 
now be v.ritten as 
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- Vt^J 1 K, - P^' 


(A. 103a) 


[ V,; - Vc, ] • Py 


(A. 103b) 


R R 

where the additional terms and are the reaction impulses at node c in 
the normal and tangential directions, respectively. The pre-impact velocities, 
^CN and ^cT, must be zero and because of the constraint, the post- impact 
velocities must also be zero, thus Eqs. A. 103 state that the restraint "absorbs" 
all of the impulse associated with the constrained node. 

The analysis developed in Subsection A. 2 can be followed exactly if the 
value of a for the constrained node is set equal to zero, i.e. 


• O 


(A. 104) 


This is equivalent to introducing equations of the form of Sq. A. 103 and 
immediately solving for the reaction impulse, which yields a total value of 
zero on the right-hand side of Eq. A. 103 In practice, the use of Eq. A. 104 
allows one to treat the special case of impact on or near a constrained node 
within the framewor)( and equations developed in Subsection A. 2. 

It should he noted that the quantity a’ for the constrained node is not 
set equal to zero. This quantity defines the relative portion of the total 
imparted impulse which is associated with a given node which lies within the 
impact-affected region, and is calculated by using Eq. A. 31 whether or not 
the node is constrained. In general, the constrained node may fall anywhere 
within the impact-af fected region. Because of the character of the present 
impact interaction analysis in which only tram lational (not rotational) 
motion of the ring is considered (both translational and rotational motion 
are included in the global timewise solution), it is difficult to include the 
effects of impulse propogated past the constrained node. For the case where 
the node is ideally cla.-nped, no information can propogate through the con- 
straint. But if the node is pinned-f ixed, rotational information _ould propo- 
gate past the constrai.ct; to accommodate this situation, rotational effects 
would have to be included in the analysis of Subsection A.T. An alternate, 
interim neasur’ is taken in the present analysis, and is described next. 
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Assume that the point of contact and the effective length, such 

that the constrained node and nodes beyond the constrained node fall within 
the impact-affected region. Because the analysis of Subsection A. 2 cannot 
predict the propagation of Impact information past the constrained node, the 
effective length, ^8, in the present scheme, artificially reduced (for 

the current At only) in such a way that the constrained node falls within the 
impact-affected region but no nodes past the constrained node fall in the 
Impact-af fected region. Having redefined in this fashion, the equations 

of Subsection A. 2 are then followed exactly with Eq. A. 104 being employed at 
the constrained node. This approach has the effect of concentrating the 
impact-induced impulse at those ring nodes on the Impacted side of the con- 
straint, with a portion of the impact-induced impulse being absorbed by the 
constraint, and no impulse being felt at nodes beyond the constrained node. 
However, it should be recognized that, although no impulse infonr.ation is 
passed through the constrained node by the impact interaction analysis, the 
impact information will propogate through the constrained node, if physically 
possible, -in- the global timewise structural response solution. 

For the case where impact occurs directly on a constrained node, only 
that constrained node is assumed to lie within the impact-affected region. 
Following the equations in Subsection A. 2 and employing Eq. A. 104, the frag- 
ment will simply rebound (as if impacting a rigid wall) and the ring sfucture 
will experience no momentum changes for this impact. 

Finally, it should be noted that the present approach is an interim 
measure, and further effort is required to develop a more con^rehensive 
approach for treating impact near a constrained node. However, the present 
method is believed to be sufficiently general, within the current overa) 1 
assumptions of the analysis, to yield reasonable results for current engineer- 
ing applications. 
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(a) V < A 



THE TRAJECTORY OF THE IMAGE POINT P IN THE p„, p PLANE 
TO DESCRIBE THE STATE AT EACH CONTACT INSTANT 
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FIG. A. 4 IDEALIZATIONS AND DEFINITIONS FOR CALCULATION OF TIME 
OF RING-FRAGMENT CONTACT 
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Fin. A. 5 INSPECTION FOR DETERMINING A COLLISION OF THE FRAGMENT WITH THE RING 




IDEALIZED UNIFORM-THICKNESS ELEMENT 



(b) Penetration Inspection 


FIG. A. 5 CONCLUDED 



